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SUMMARY 
This thesis describes gas phase electron diffraction 
determinations of the molecular structures of some 
difluorophosphine compounds, in some cases utilising extra 
information gleaned from a relatively new technique called 
Liquid Crystal NMR Spectroscopy. An introduction to the 
methods and theory behind electron diffraction and nmr 
spectroscopy of solutes dissolved in orienting media 
is included herein. The structure determinations of 
difluorophosphine selenide and aminodifluorophosphine 
illustrated the compatibility and complementary nature of 
ed and lcnmr data. 
The. structure of difluoro(isoselenocyanato)phosphine 
was examined by electron diffraction. Vibrational 
corrections were applied to this determination, which then 
yielded a linear N=C=Se moiety and the widest angle at a 
two-coordinate nitrogen site yet reported. 
Other compounds studied were all fluorophosphine 
amines. Conformational analyses showed that both steric 
crowding and attractive hydrogen to fluorine interactions 
determined difluorophosphine moiety torsion angles. The 
bond orders from nitrogen to silicon, phosphorus, and to 
a lesser extent, germanium, were found to be greater than 
it expected since compounds of this type have a planar 
configuration in which the lone pair on nitrogen, lying in 
ap orbital, donor bonds to vacant d orbitals on the ligands. 
ix 
Compounds in this group whose structures were 
determined by electron diffraction include methylamino- 
difluorophosphine, bis(difluorophosphino)amine, 
difluorophosphino(disilyl)amine, bis(difluorophosphino)- 
silylamine, and bis(difluorophosphino)germylamine. 
CHAPTER 1 
PRINCIPLES OF ELECTRON DIFFRACTION 
AND GENERAL OUTLINE OF SAMPLE PREPARATION 
2 
1.1 Fluid-Phase Structural Techniques 
Methods of examining the geometries of molecules in 
fluid phases include electron diffraction, microwave 
spectroscopy, analysis of rotational fine structure in 
vibrational spectra, and nmr measurements on solutes 
dissolved in liquid crystal phases. Microwave spectro- 
scopy can give very accurate gas phase structures of 
certain small molecules having a permanent dipole, 
preferably along more than one cartesian direction. Since 
a maximum of three angular momenta may be measured, 
isotopic substitution is normally necessary to obtain 
enough' information to determine all structural parameters. 
Obviously this is not possible for elements having only 
one isotope. Of the gas phase structural determination 
techniques,. electron diffraction has proved to be the 
most versatile. 
Theories were developed to explain the scattering of 
electrons between 1911 and 1915 by Rutherfordl, Debye2, 
and Ehrenfest3, but it was not until the experiments of 
Germer4 and Thomson5 that these were put to the test, 
the results verifying the De Broglie hypothesis of wave 
particle duality for the electron. Mark and Weirl6'7 
first studied the effects of scattering electrons by gases, 
and although numerous modifications and improvements have 
been made in the construction of electron diffraction 
apparatus and in data analysis, the experiment remains 
essentially unchanged today. 
3 
1.2 Theory of Molecular Scattering of Electrons 
The pattern made by the scattering of electrons by 
a molecular gas sample is circular in form with alternate 
maxima and minima, corresponding to constructive and 
destructive interference, appearing as concentric rings 
of shade and light respectively. The total scattering 
intensity (I) may be given by the expression: 
(1) I (total)I (incoherent)+I (inelastic) +1 (atomic) +1 (molecular) 
which may be written 
(2) I(total)=1(background)+I (molecular) 
Inelastic scattering implies a change of momentum for 
the scattered electron and incoherent scattering may 
correspond to double-collision or extraneous. scattering. 
Atomic scattering, which constitutes the bulk of the 
total, yields a smooth function falling off rapidly and 
asymtopically with scattering angle 0, which equals twice 
the angle between the diffracted and undiffracted beam. 
The contributions I(inelastic) and =(incoherent) may be 
subtracted by fitting a smooth quadratic function through 
the mid points of the molecular starting pattern, leaving 
the latter intact. 
It is useful to define the quantity s having units of 





where A is the wavelength of electrons used. Since this 
parameter is independent of the dimensions of the 
experiment such as nozzle-to-plate distance, it is most 
useful when comparing data from diverse sources. The 
intensity of the scattering pattern varies according to 
the following relationship: 
(4) I 44m2e2 =_ A 
h Eos 
4 
and the molecular intensity contribution to'the total 
scattering given by Equation 5. 
sin s(rs2exp(-uij s2 
(5) I(mol)-A ij (Zi-fi) (Zj-fj)Cos(ni-nj). ri, s 2 
iýj 
m and e are the mass and charge of the electron, h is " 
Planck's constant, e0 the permitivity of free space, rij 
the distance between atoms i and j in the molecule, zi and 
fi the atomic number and scattering factor of element i, 
and uij the mean amplitude of vibration of the atom pair 
i and j. The term cos(ni-nj) represents the phase shift 
between the scattering of the atom pair i and j, which is 
most severe in the case where i is a light and ja heavy 
atom, calculated from the formula, 
(6) ni-nj = ai-ai +(bi-bi )s+(ci-ci )s2+(di-di )s3 
and using values of the constants a, b, c and d tabulated 
5 
for each element. The term Xis has been shown8 to be 
related to the anharmonicity term, a, in the Morse 
oscillator, by the expression 
(7) Xis = aijuij 
4 /6 
Here, a takes the value of 200 pm 
1 for many 
bonded distances. This term is zero for all non-bonded 
distances. Complex scattering factors and phase shifts 
have been tabulated by Schafer et a1. 
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1.3 The Experiment 
The technique of electron diffraction by gas phase 
e 
molecules requires an apparatus capable of producing a 
monochromatic parallel beam of electrons with minimal 
cross-sectional area and maximum beam current, and a 
detection system capable of recording the scattering 
resultant from the intersection of this beam with a gas 
stream orthogonal to it. In practice the beam is usually 
generated by means of a hot, sharply bent tungsten 
filament situated in the proximity of an accelerating 
anode, held at a relative potential of ca. 50 kV. Those 
electrons accelerated along the axis of the instrument, 
having acquired kinetic energy according to Equation 8 
(8) h 
(2meV) 
(V = accelerating potential) 
6 
which is a form of the De Broglie relationship A= h/p, 
where p is the momentum of the electron passing through 
a narrow opening in the anode, and subsequent to passing 
through electrostatic or magnetic focussing lenses and 
various collimators,. emerge as a monochromatic parallel beam 
of electrons with a wavelength of ca. 6 pm. The distance 
between the gas injection system and the intensity pattern 
recording system defines the minimum and maximum observable 
scattering angle e. Normally two or more such distances 
are used to extend the range of s units over which data can 
be collected. In most cases the detection system will be 
a photographic plate. Since intensity falls off as the 
fourth power of scattering angle it is necessary to apply 
counter attenuation to the intensity pattern before 
recording it, because X the limited dynamic range over 
which the photographic emulsion's sensitivity to incident 
radiation is linear. This is best achieved by utilising a 
spinning sector10 which opens out as a function of s3tis4 
Other functions may be used: for example, the reciprocal 
atomic scattering for a rare gas in the same row of the 
periodic table as the heaviest atom in the molecule to be 
studied. Often a compromise sector, such as one calculated 
to correspond to the inverse of the scattering of atomic 
carbon, is used. 
If the intensity data are subjected to a sine Fourier 
transform then an intensity probability with respect to 
distance is obtained, since the intensity data comprises an 
aggregate of damped sine waves, each corresponding to a 
7 
unique interatomic distance within the molecule. For a 
homonuclear rigid diatomic the scattering is given by 
Equation 9. 
(9) I(s) = Constant f p(r) 
Sin(r. s) dr. 
r 0 
By applying a Fourier transform to (9) we obtain 
Equation 10. 
(10) Prr) = const.. fI (s) sin (r. s) ds 
0 
The procedure may be developed to enable it to be 
applied to only vibrating polyatomic molecules. The locus 
of the resulting function is called the radial distribution 
curve, in which peak positions correspond to interatomic 
distances, areas depend on the scattering powers of the 
two atoms involved, and peak widths at half-height are 
related to the vibrational amplitude of the atom pair 
involved. The radial distribution function for SPF2Br 
with distances shown is given in Figure 1'. 1. Radial 
distribution curves are useful in that they give a visual 
display of the distribution of interatomic distances, but 
solving the structure for a molecule depends on best- 
fitting calculated intensity data with experimental data. 
The procedures for data acquisition and handling and mol- 
ecular structure determination as used at Edinburgh are 
given in Chapter 2. 





The main prerequisite for a sample studied in the 
gas-phase by electron diffraction is that it shares a 
vapour pressure of at least ca. 5 mm of mercury at a 
temperature where decomposition of the sample does not take 
place within the timescale of the experiment. Since 
electron scattering power varies with atomic weight 
(Equation 2) molecules with only light atoms present need a 
proportionately higher vapour pressure than those containing 
heavier elements. For a similar reason it is often difficult 
to locate hydrogens in the presence of third row or heavier 
atoms, a problem echoed in X-ray structure determinations. 
A further limitation on the suitability of compounds for a 
study arises from the one-dimensional nature of the data 
acquired. If the separation between a pair of interatomic 
distances is less than cä. 5-10 pm it may prove impossible 
to determine these two parameters independently. This can 
result in an underdetermination of the structure in 
question. In such cases certain assumptions must be made 
about the geometry, or data must be included from other 
sources, as will be discussed in Chapters 2 and 7. 
Lastly, care must be taken in interpreting data, due 
to the nature of the experiment, in which ra values are 
observed. These constitute time average rather than mean 
values corresponding to the observational conditions of 
<r-1>-l. Consequently when large-amplitude low-frequency 
bonding or torsional modes are present distortion from 
10 
Figure 1.2: Shrinkage effect in planar NR3 group 
Note: broken line indicates observed average value for R-R' 
distance 
11 
higher local symmetries in arrangements of atoms may be 
seen 
ll. 
This effect, called shrinkage 
12, is responsible 
for some discrepancies between structures derived from 
microwave and electron diffraction data13. To allow for 
this certain corrections must be applied to rat yielding a 




(11) ra =r+ 
e 
Here, K represents a perpendicular amplitude correction 
for harmonic atomic displacements orthogonal to the 
2 
vector r, and, since the r term is small re can be 
e 
replaced with ra. K values must be derived from a 
normal coordinate analysis of the species studied, which 
also gives value for-the amplitudes of vibration corres- 
ponding to those obtained from the electron diffraction 
experiment. In simple systems- with the corrections 
necessary to relate structures determined by gas-phase 
electron diffraction and microwave spectroscopy 
14 
. applied, good agreement is possible. 
1.5 The Structures of Difluorophosphine and Silyl Amines 
Twenty-five years ago Hedberg15 published the result 
of an electron diffraction structure investigation on the 
molecule trisilylamine in the gas phase. This caused 
considerable interest since it showed a planar coordination 
12 
of ligands about nitrogen rather than the usual pyramidal 
one, a result endorsed by a more recent study on the same 
molecule16. A reasonable explanation for this result would 
have been the possible existence of steric crowding, since 
the silicon-silicon distance is close to that calculated 
from twice the Van der Waals radius for silicon, were it 
not for the fact that the silicon-nitrogen bond length is 
some 6 pm shorter than that for a single bond calculated 
by the Shomaker-Stevenson method17. This led Hedberg to 
suggest that the bond order was greater than 1, and that 
_ this was due to the lone pair on nitrogen forming a p+d 
donor bonding n-system with vacant d orbitals on silicon. 
Once the phenomenon had been identified interest developed 
to see whether other second or higher row elements would 
bond to nitrogen in this way. Phosphorus, being next to 
silicon in the periodic table, was considered. Since 
compounds with phosphino groups directly bound to nitrogen 
are not known, presumably due to the ease of formation of 
ammonia in any synthetic attempt, amines containing 
difluorophosphino groups were next considered. 
The first compound of this type to be studied in the 
gas phase was tris(difluorophosphino)amine18, the results 
from which determination yielded a planar skeletal 
arrangement of ligands about nitrogen, and short P-N 
bonds, an arrangement similar to that for the equatorial 
moiety in some PV nitrogen compounds19. Before the present 
study began the following amines had been studied: 




P (NMe2) 322; NMe (PF2) 223; and NH(PF2) (SiH3) 
24. 
Gas phase structures undertaken in the present study 
complement those listed above and include: NHMe(PF2)25; 
NH(PF2)226; N(PF2)2(SiH3) and N(PF2(SiH3)227. Only in the 
cases of NMe2(SiH3), NH2(PF2) and NMe2(PF2), which are all 
mono substituted difluorophosphino or silyl amines, is the 
planarity of the ligands around nitrogen in question, 
28 
although a microwave study on PF2(NH2) does show a planar 
PNH2 skeleton, suggesting that the distortion from local 
planarity for this group in the electron diffraction 
structure may be a large shrinkage effect due to a low 
frequency out-of-phase deformation. The time-average 
structure would then appear non-planar, as illustrated in 
Figure 2. Otherwise the results obtained in all cases 
support the arguments used to account for the structures 
of the two tertiary amines, with short M-N bonds (M =P or Si) 
and planar coordination of ligands around nitrogen (or 
wide RNR angles where there is a poorly determined imino 
proton). The observed M-N bond length decreases with a 
decreasing number of M-groups around nitrogen, as the lone 
pair on nitrogen is being dedicated to fewer atoms. This 
appears to be more pronounced for diluorophosphino than for 
silyl amines, suggesting that the PF2 group is a more 
powerful n-acceptor than the silyl ligand. This is borne 
out in the case where silyl and difluorophosphino groups 
are bound to a common nitrogen, where the Si-N bond is 
weakened at the expense of the P-N bond. It is worth 
noting that since the Ge-N bond in N(GeH3)(PF2)229 is 
14 
considerably longer than that found for trigermylamine, 
the germyl ligand must also be a relatively weak 
n-acceptor. 
In all difluorophosphino amines torsion angles of PF2 
groups about P-N bonds correspond to minimum energy 
geometries. Three major factors have been suggested as 
being responsible for influencing PF2 group conformation; 
these being steric crowding, lone pair/lone pair repulsions, 
and attractive intramolecular H... F interactions. In the 
tertiary case, steric factors force the phosphorus lone 
pairs to lie in the skeletal plane cis to fluorines on a 
neighbouring difluorophosphino group, giving C3h symmetry 
for the molecule. However, in cases of the various secondary 
and primary amines, steric crowding is not so severe. All 
'bis(difluorophosphino)amines, including N(GeH3)(PF2)2' 
exhibit arrangements where the lone pairs on'phosphorus and- 
nitrogen are orthogonal, but those on adjacent phosphorus 
atoms lie cis to each other. This can in some cases be 
attributed to H... F attractive interactions, although in 
the case of N(GeH3)(PF2)2 the H... F distance is such that 
no such interaction seems feasible. For the various mono 
difluorophosphino amines, however, conformations do seem 
to depend primarily on attractive H... F interactions. 
1.6 Preparation 
The various amines studied here were prepared employing 
Figure 1.3: Syntheses of PF2-amines 
PC13 + 2Me2NH PC12NMe2 
NaF in Sulpholane 
in vacuo 
HBr W 
PF2Br ( PF2NMe2 
















standard vacuum-line techniques and a series of 
condensation reactions designed to make use of the stability 
of quaternary ammonium salts. Specific preparations are 
described for each compound studied in the relevant 
chapter, but a general outline of the chemistry is given by 
Figure 1.3 
As with all volatile and non air-stable compounds, 
care had to be taken to ensure that all glassware used 
was scrupulously clean and dry. When handling valuable 
electron diffraction samples, glassware to be used was 
first flushed with silyl bromide in order to remove any 
reactive contaminants. Purification of each sample was 
undertaken by ensuring that any impurities or unreacted 
starting materials were separable and thezapplying 
repeated fractional condensations in vacuo. Purities were 
checked-by infrared or-nmr spectroscopy, immediately prior 
to collecting electron diffraction data, and where possible 
immediately afterwards on the residual sample. With such 




ELECTRON DIFFRACTION DATA 
COLLECTION AND HANDLING 
18 
2.1 Apparatus 
The equipment now installed at Edinburgh was obtained 
from Cornell University in 1977 and was subsequently 
operational in its new location by 1978. Originally 
designed by Bauer and Kimura30 and constructed by Robert 
Jenkins, the instrument has had various modifications and 
improvements effected on it since crossing the Atlantic. 
These mainly constitute upgrading ancilliary monitoring 
devices. 
The instrument comprises a large chamber constructed 
mainly of non-magnetic stainless steel and brass, with 
lead glass viewing windows in strategic locations. The 
chamber is evacuated by means of'two 10 cm Consolidated 
Vacuum oil diffusion pumps surrounded by Freon-cooled 
baffles, backed by nitrogen-cooled condensation traps and 
an Edwards rotary pump. Pressure is monitored using 
VEECO equipment in two ways; the backing pressure by 
means of switchable DVIM thermocouple heads wired to a 
TG 70 control unit, and the pressure of high vacuum 
under diffusion pumping by an RG 75P ion gauge head- 
coupled to an RG 1002 gauge. Backing and chamber pressures 
thus monitored are <10-4 torr and ca. 3x 1O-7 torr 
respectively during standby operating conditions. 
Since the apparatus was constructed in a horizontal 
format, the Canal Industrial Corporation electron gun 
sits at one end of the chamber. This is serviced by its 
own 5 cm Consolidated Vacuum oil diffusion pump with Freon 
19 
cooled baffle, linked to the main backing pressure by a 
valve. The gun utilises aV shaped tungsten wire filament 
on a mica support washer in a cathode assembly which is 
given a negative in potential of ca. 40-55 kV during 
typical operating conditions. This is located ca. 10 mm 
from the anode which is held at ground potential. The- 
cathode has a polished stainless steel grid cap and the 
anode is of similar material; the former is insulated from 
the chassis, which is held at ground potential, by a 
ceramic "washer while the latter is earthed. A small 
current of <50 VA may be passed through the filament so 
causing electrons to boil off towards the anode. For 
the tungsten filament it has been found that 10 or 12.5 
micron wire is most suitable, the former giving the higher 
resolution and lower beam current, corresponding to satura- 
ting at a lower filament current, whereas the latter is 
more suitable for low volatility compounds, since it gives 
a higher beam current and therefore more scattering 
intensity for a given exposure time. 
All constituent parts of the electron gun must be 
kept scrupulously clean, since foreign matter will induce 
discharging at high potential, and procedures for cleaning 
are described in the service manual. 
Focusing of the emergent beam is accomplished by 
two magnetic lenses designed to carry up to 100 ma DC 
current, each with mechanical adjustment which moves the 
orientation of the lenses and gun with respect to the 
target. This is the centre of a fluorescent screen at the 
20 
far end of the chamber. The image of the electron beam 
on the screen may be viewed via a mirror set at 450 to 
the beam through a telescope. The conditions of 
focusing and alignment which must be met before attempting 
to acquire any data is that the spot viewed on the screen 
be as small and intense as possible, typically 0.3 mm 
diameter and positioned in the centre of the beam stop. 
This is a narrow aluminium tube, designed to avoid 
back-reflection of undiffracted beam, positioned in the 
centre of the rotating sector which is situated 
immediately before the target screen. A centrifugal 
shutter closes the beam stop aperture when the sector is 
spinning. In addition to the focusing lenses, the beam 
passes through various clean-up apertures, the two most 
critical being 0.8 mm in diameter, positioned immediately 
after each lens, and also through a compensator, which 
applies a three-fold symmetrical field to help reduce 
any superposition of triangular cross section on the beam 
by the filament shape. 
The sample injection system comprises an aluminium 
nozzle, ca. 0.3 mm internal diameter at the tip, 
mounted on a hollow stainless steel boom arm which emerges 
from beneath the chamber via an 'o' ring seal and 
terminates in a throttle valve and glass Quickfit B14 
socket. This is a convenient method of accepting a glass 
tap ampoule, the preferred format for storing volatile 
compounds. The nozzle arm may be rotated and raised or 
lowered such that two nozzle-to-plate distances are 
21 
possible with the nozzle aligned so that influxing 
sample intersects the electron beam. A shadow image of 
the cone-shaped nozzle may be viewed on the fluorescent 
screen if the beam is defocussed to a diameter in excess 
of the width of the nozzle tip. The nozzle is then 
positioned so that its centre is aligned vertically with, 
and is about one spot-diameter away from, the focused 
beam position. At the short, wide angle distance, an extra 
clean up screen is inserted between the nozzle and target, 
to help reduce extraneous scattering in this configuration. 
A cryogenic pump, cooled by a reservoir of self-circulating 
nitrogen and coated with activated carbon for optimum 
adsorption, is located immediately above the nozzle. 
This fast condenses inflowing vapour-and maintains a 
pressure of ca. 10-6-10-5 torr for the chamber during 
sample injection. This is important in minimising 
extraneous scattering. 
The detection system for recording diffraction 
patterns is photographic. The fluorescent screen is 
part of a camera, the mechanism of which is capable of 
reliably positioning, in sequence, up to 10 Kodak Electron 
Image plates, at a reproducible distance from the 
nozzle. With the facility to expose 10 plates at two 
discrete nozzle-to-plate distances without evacuating 
the chamber it is possible to collect sufficient data 
for a complete structure in a single run. Compared with 
some other machines this represents rapid and efficient 
data collection. A block diagram of the apparatus is 
22 
Figure 2.1: Schematic diagram of Cornell/Edinburgh ed apparatus; 
(a) main chamber, (b) electron Gun 
(a) 


















A redundant lenses 3 and 4 
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" sample injection 
apertures 
1FAI 




focussing lenses 1 and 2 
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given in Figure ; ý. 1. 
2.2 Data-Collection 
Before running the electron diffraction apparatus 
the chamber must be evacuated to <10 
6 torr. The high 
voltage power supply may then be switched on and 
gradually raised to operating potential. Finally the 
filament current can be increased until saturation has 
just been reached and alignment of the emergent beam 
checked. A valve which connects the gun to the main 
chamber by a fast pumping route (cf. the beam 
aperture) must be closed before injecting a sample, to 
minimise contamination of the gun. The nozzle is then 
aligned at one of the two available distances by the 
method described previously. If any non-conducting 
contaminants are present on any part of the apparatus 
which is adjacent to the beam, i. e. apertures, beam stop 
and nozzle, these will become charged and deflect the 
beam and the experiment will be necessarily delayed 
while the offending items are cleaned. Once alignment is 
completed satisfactorily, the beam is cut off by means of 
a lever-operated shutter and a photographic plate inserted 
into the camera in readiness for the first exposure. 
This is accomplished by a gravity mechanism, possible 
because of the horizontal mode of operation of the 
apparatus. 
In order to facilitate centering the diffraction 
24 
pattern during analysis the plate is first exposed to the 
undiffracted beam, necessarily for a very short time to 
avoid fogging the plate by moving a shutter lever partially 
through its arc until a small slit in the shutter has 
traversed the beam. At this point the sector, calculated 
to correspond to the reciprocal scattering of atomic 
carbon, is made to rotate rapidly, thus activating the 
centrifugal shutter of the beam stop, and the 
apparatus is ready to record scattering intensity. Once 
again cleanliness is of utmost importance, this time in the 
case of the sector opening, which should increase smoothly 
from ca. 5 mm from the centre to the perimeter of the 
diffraction pattern. Since the opening near the centre is 
small, any dirt present will drastically alter the sector 
function, and hence negate data at small s values. 
An exposure is taken thus: the previously degassed 
sample is injected by means of the throttle valve through 
the nozzle, and the shutter is opened for a duration 
commensurate with the pressure increase as monitored on 
the ion gauge and the expected scattering power of the 
sample. Benzene is used to provide calibration of the 
scale of the experiment, which depends on the nozzle-to- 
plate distance and wavelength of electrons used, ie 
accelerating voltage. During a run at one distance the 
nozzle is undisturbed, and so the former parameter 
remains constant. The high voltage is monitored by means 
of an Amplicon Electronics digital voltmeter, and any 
fluctuations are noted for successive exposures. Often 
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these are small enough to be ignored. Benzene generates 
a well resolved radial distribution pattern and has had 
its structure accurately determined31; therefore it is a 
useful calibrant in scaling the data for an unknown 
structure. 
In benzene refinements physically measured values 
are initially used for nozzle-to-plate distances and 
accelerating potential, and corrected values thereafter 
for these parameters are applied to the structure 
determination being undertaken. 
After exposure the beam and sample flow are shut off, 
and the plate dropped into a box below the camera. 
Usually five plates are taken at each distance, two of 
benzene and three of the molecule being studied. Once 
removed the exposed plates are developed for 12 minutes 
in Kodak D19/D19R developer solution using nitrogen 
bubble burst agitation, and washed for 1 minute in running 
water prior to immersion in Kodak "Kodafix" fixer solution 
for ca. 20 minutes. The plates are then thoroughly 
washed in water, dipped in Kodak Photo-Flo solution and 
allowed to dry prior to tracing on the microdensitometer. 
2.3 Digitisation 
The digitisation of the analogue radial intensity 
pattern is accomplished using a Jarrell-Ash double beam 
spinning plate microphotometer coupled to an analogue to 
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digital converter. 
Plates are centred in the spinning platter using 
the image of the undiffracted electron beam as a guide, and 
a photocell is made to traverse a diameter of the spinning 
pattern. Voltages are recorded at 100 micron intervals 
and put onto punch tape, together with a reference 
voltage recorded at 1 mm intervals to allow for any 
variations in lamp intensity. Vernier readings are 
taken from a scale on the microdensitometer at the start 
and finish of a traverse, and these are later used to 
check for correspondence with the number of 100 micron 
data points recorded. Values are also recorded for the 
reference and 100% transmission voltages prior to tracing 
in order to scale the data with respect to the reference 
signal. 
If the optical density of the exposed plate differs 
substantially from the optimum of : O. 6D, the signal to 
noise ratio will decline. If the plate is too dark the 
transmittance voltage may be multiplied by some factor 
prior to digitisation so that the deterioration in signal 
quality is not compounded by the analogue to digital 
converter, by adjusting a sensitivity control on the 
microdensitometer. - 
The punch tape which contains the intensity data in 
digital form is then sent off, together with the 
appropriate leader tape and identification card, to the 
Edinburgh Regional Computing Centre, where the information 
is loaded onto a computer data file. The procedure for data 
collection described above is developed from that outlined in 
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R. L. Hildebrandt's PhD thesis. 
2.4 Data Reduction 
The data reduction program used derives from an 
established program33. Various subroutines are called 
sequentially from the master electron diffraction programs 
to perform consecutive stages in the reduction of the raw 
data loaded into the computer. These are initiated by 
use of the comnand' ED8O (XYZ) where XYZ is a three 
letter mnemonic assigned to a molecule. The resulting 
prompt requires identification of the subroutine required, 
and these are indexed by a single letter. A brief 
description of the functions of each subroutine is given 
in Table 2.1. 
2.5 Refinement 
Once data reduction has been completed the data are 
in a form which may be compared with theoretical molecular 
intensities derived from a mathematical structure 
formulation. This is done first by constructing a model 
which assigns atoms normalcoordinates, taking an input 
of geometrical parameters. An example of a molecular model 
is listed in Appendix 1. Once the compiled version of 




SUBROUTINE BRIEF DESCRIPTION 
A Sets up scattering factors for all elements in the molecule, 
scaled to the accelerating potential 
C Converts punch tape binary input into columnar data file 
which can convert to a character file for editing. 
D Checks character file C for errors 
E, F Each intensity data file is assigned to two numbered job 
locations, one corresponding to each side of the diffraction 
pattern. Reference and 100% voltages, and both Vernier scale 
readings are read in. Blackness and flat-plate corrections 
are applied. The data is adjusted for fluctuations in lamp 
intensity during tracing by comparison with movements in the 
reference voltage. The difference between the two Vernier 
readings is checked for correspondence with the total number 
of 100 micron data points. Uphill curves are plotted for 
visual inspection. 
G Data is interpolated at uniform S units, being 2 and 4 nm 
1, 
for long and short camera distances respectively. Uphill 
curves are combined for each camera distance, and atomic 
scattering subtracted, the accomplishment of which requires 
an input of the number of atoms of each type, scattering 
factors having been calculated in the 'A' subroutine and 
minimum S values and weighting points, which can be changed 
after inspection. of the combined intensity curves, and 
subjected to a smooth quadratic background subtraction. The 
resultant intensity curves are plotted. 
H Further background and data set limit alterations offered 
Note: The procedures outlined above have recently been updaggd 
to handle data from a Joyce-Loebl microdensitometer 6. 
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will automatically refer to it. The first refinement 
undertaken, accessed by the command ED8O (XYZ) followed 
by the letter R in answer to the next prompt requires an 
input, among other things, of all geometrical parameters 
(name and value) and all independent interatomic distances 
and associated amplitudes of vibration and anharmonicities, 
giving the multiplicities Cif each independent distance. The 
total number of interatomic distances is given by 
solving (N-1): where N is the total number of atoms in a 
molecule. (N-1)! should therefore equal the sum of all 
multiplicities. 
Once the information has been inserted it is possible 
to improve the calculated fit to the observed structure, 
either by manual discrete parameter adjustments, or by 
utilising the method of least squares refinement. The 
least squares analysis seeks to minimise the difference 
between the squares of the observed scattering and that 
calculated according to Equation S. This is accomplished 
using a modified version of an established program34 
which allows for correlation between data points by utilising 
an off diagonal weight matrix W. The elements of this 
matrix are given by Equations 12a-12e. 
(12) aý wii (si smin) /(swi-smin) smin<si<swl 
b) wii =1 sw1<si<sw2 
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C) wii = (smax Si) / (smax-sw2) sw2<s(smax 
d) wij =0i 74 j+ 1 
e) wij = 0.5(wii+wjj)(p/h)k i= j+ 1 
sw1 and sw2 are weighting points for the distance k_, 
chosen by inspecting the intensity data, and (p/h) 
corresponds to the correlation parameter. Correlation 
between data usually ensures that the number of independent 
observations is substantially less than the number of 
observations in the electron diffraction or any other 
single or combined experimental structural analysis 
technique. It has been shown that for . combined 
electron diffraction and spectroscopic data this 
correlation can be minimised by choosing suitable relative 
weights for the two sets of data35. 
." 
Quantification of the degree of fit of observed to 
calculated intensity data is expressed as a general R 
factor given by Equation 13. 
(13) RG = (D'WD / I'WI) 
h 
where D is the difference vector composed of elements di 
for each value of si, and Ia similar vector of 
intensities. If the off diagonal elements of the weight 
matrix are ignored the so-called diagonal R factor may be 
obtained using Equation 14. 
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Vz 




If data from other sources such as microwave 
spectroscopy14,35,36,37,38, liquid crystal nmr39,40 or 
predicate observations 
27'41 
are to be used, the matrix 
need be extended by diagonal elements only, chosen with 
weights inversely proportional to the squared uncertainty 
of the observation, stated to the standard deviation 
of the fit of the electron diffraction data points. A 
structure may then be refined using combined data, or 
even entirely on non electron diffraction data. 
The ED80 programs are accessed interactively from 
any ERCC computing terminal, and real time or queued 
operations are possible. Where the variation in RG (a 
measure of the difference between experimental and calcula- 
ted data) with changing a parameter value is small, 
correspondingly larger estimated standard deviations, or 
esds, are associated with the refining parameter. In 
extreme cases the RG factor minimum may be so shallow as 
to preclude meaningful refinement altogether. In such 
cases it is possible to make use of a facility, hereafter 
described as an "R-factor loop", whereby the parameter is 
required to adopt a series of fixed values at uniform 
intervals, a few cycles of refinement carried out at each 
value, and the minumum RG factor obtained taken to correspond 
to the best value for the non-refining parameter. 
J 
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Care must be taken during a structure determination 
that all possibilities are considered. It may be possible to 
get a local minimum in the difference between observed and 
experimental intensities which does not correspond to the 
true geometry. An example of this is the structure of 
N(PF2%SiH3)2 where two different conformations give similar 
scattering patterns. Various operations can be called 
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while setting up a refinement by using the appropriate 
index command number, such as altering parameter values or 
the number of parameters refining. Appendix 2 gives a list 
of these command numbers and their functions. 
2.6 Calibrations, Corrections and Errors 
Various calibrations and corrections must be applied 
if systematic errors are to be reduced. The derivation of 
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these errors has been extensively analysed by Kuchitsu. 
Calibration of the scale of the experiment has already 
been described, which uses known values for interatomic 
distances in benzene to fix values for the same in the 
sample being studied. The rotating sector must be 
periodically calibrated to check for any disturbance 
of its geometry and this is accomplished by examining the 
scattering pattern of argon. 
The dynamic range of the photographic emulsion may 
be non-linear with the optical density of the exposed 
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plate. A Blackness Correction must be applied, determined 
by examining molecular scattering data over a range of 
exposures and correcting for variations in the relative 
difference between peaks and troughs at different 
exposures in the intensity patterns. For Kodak Electron 
Image plates correction is applied to the photocell 
voltage, V, according to Equations 15a and 15b. 
(15) a. B= 1-V/4.5 
b. V= -Alog(B)x4.5 
A further correction to the data takes account of the 
fact that for a flat photographic plate the nozzle-to- 
plate distance varies with s, as does the cross-section 
of the incident beam, which is circular only on axis, and 
becomes progressively more elliptical thereafter with' 
increasing scattering angle. 
Errors may arise from incorrect calibrations. In 
addition, they may arise from sources such as neglect of 
beam cross-sectional area, non-monochromaticity of electron 
source, extraneous (background) scattering, sample 
impurities, etc. A list of possible sources of error, and 
parameters likely to be affected, is given in Table 2.243 
When quoting errors in 
diffraction structure deter 
Edinburgh, the esds derived 
tion matrix are arbitrarily 
for systematic errors. The 
the results from electron 
ninations undertaken at 
from the least-squares correla- 
increased to attempt to allow 
scheme adopted is as follows: 
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Table 2.2 Sources of errors in the structural parameters determined 
by electron diffraction 
Parameter type 
Systematic errors affected 
1. Error in the wavelength r 
2. Error in the nozzle-to-plate distance r 
3. Error in the scale on the microdensitometer r 
4. Error in the sector correction u 
5. Error in blackness correction u 
6. Further errors in the photographic process u 
7. Error in the position of the centre of the 
diffraction pattern u 
8. Deviations from radial symmetry in the 
diffraction pattern u 
9. Extraneous scattering u 
10. Neglect of (or wrong correction for) non- 
zero molecular beam cross-section u 
11. Sample impurities r, u 
12. Wrong background u 
13. Errors in the scattering amplitudes u 
14. Failure of approximations in the applied theory u 
15. Errors in the assumptions about the molecular 
symmetry or in the assumed parameters r, u 
Note: r= distances; u= amplitudes of vibration. 
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distances have the values of their esds increased by ca. 
0.1%, bond angles by 0.2%, and amplitudes of vibration 
by 1% of the associated interatomic distance. 
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CHAPTER 3 
THE GAS PHASE MOLECULAR STRUCTURES OF 
METHYLAMINODIFLUOROPHOSPHINE AND BIS- 
(DIFLUOROPHOSPHINO)AMINE DETERMINED 
BY ELECTRON DIFFRACTION 
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3.1 Introduction 
Electron diffraction studies of NMe(PF2)223 and 
N(PF2)318 have revealed planar arrangements of ligands 
about nitrogen, and in the case of NH(PF2(SiH3)24 the 
existence of a wide PNSi angle again suggests that the 
bonds around nitrogen are coplanar. Similarly, while the 
electron diffraction studies of NMe2(PF2) and NH2(PF2)13 
show that there are perhaps pyramidal arrangements of 
ligands about nitrogen, with the angles between the P-N 
bonds and NR2 planes being 32° and 35 
0 respectively, micro- 
wave studies of both molecules28,44 and a determination of 
the solid phase structure of the former45 again show planar 
nitrogen groupings. It was therefore interesting to study 
the structure of NHMe(PF2) with a view to determining how 
the geometry of the PNHC skeleton compares with those 
found for other PNR2 skeletons. 
Since of the three difluorophosphino amines, only 
the tertiaryis and primary13 have had their gas phase 
molecular structures determined, a study of bis(difluoro- 
phosphino)anmine was undertaken. In the tertiary amine 
the conformation is such that the overall symmetry is C3h 
with lone pairs on phosphorus as far apart as possible, 
whereas in the case of NMe(PF2)2 the lone pairs lie 
cis to each other. The conformation adopted by NH(PF2)2' 
would therefore be of prime interest. The skeletal NHP2 
group would be expected to show a planar configuration as 
is the case in NMe(PF2)2 for the NCP2 group. 
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The' vibrational spectra of NH(PF2)2 in the gas 
phase46 show two N-H stretching and two in-plane N-H 
deformation modes, suggesting that two conformers are 
present. However, a study47 of the crystalline solid at 
160 K indicates that only one conformer is present, the 
molecules having almost exact C2v symmetry. The 
molecular structure of the secondary amine has therefore 
been investigated in the gas phase to see whether two 
distinct conformers could be distinguished. 
The infrared spectrum of NH(PF2) (SiH3) 
24 in the gas 
phase shows two distinct N-H stretching vibrations, 
implying that two conformers are present in significant 
abundance. This was confirmed by a gas phase electron 
diffraction study, which revealed that the two conformers 
differed from each other in the orientation of the -PF2 
group. The infrared spectrum48 of NHMe(PF2) also shows 
two N-H stretching vibrations, with relative intensities 
of ca. 10: 1, and so the electron diffraction structure 
determination undertaken on the compound was again used 
to investigate whether two conformers could be identified. 
3.2 Experimental 
A sample of NHMe(PF2) was prepared by reacting PBrF2 
with monomethylamine48 in a two-bulb apparatus in the 
absence of air and under reduced pressure, according to 
Equation 16. 
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(16) PBrF2 + NH2Me + NMe3 ; NHMe(PF2) + [NMe3H]+[Br] 
The driving force for the reaction is the stability of 
the quaternary ammonium salt. The product was purified by 
fractional condensation in vacuo and its purity checked 
by infrared spectroscopy. 
Photographic intensities were recorded on Kodak 
Electron Image Plates using a Balzers' KD. G2 gas diffrac- 
tion apparatus at nozzle-to-plate distances of 1000,500 
and 250 mm. The sample was maintained at a temperature 
of 250 K, while the nozzle was at room temperature (296 K). 
The value of 5.673 + 0.003 pm for the electron wavelength 
was obtained from the analysis of the scattering pattern 
of gaseous benzene. The photographic intensities were 
converted to digital form using a Joyce-Loebl automatic 
microdensitometer. 
With the exception of the initial conversion to 
uphill curves the data reduction and least-squares 
refinements were carried out, using established programs, 
on an ICL 4-75 computer 
34,49. 
Of the three difluorophosphino amines the bis 
species is the most difficult to prepare. The mono- 
substituted species is formed by the reaction described 
by Equation 17. 
gas (17) PBrF2 + 2NH3 1 atmhase-> 
NH2 (PF2) + [NH4] +[Br] - 
15 mins 
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The reaction goes readily and cleanly. However, in 
order to increase the number of difluorophosphine 
substituents on nitrogen, a stronger base is required to 
abstract bromide from PBrF2, and trimethylamine is added 
to the reaction mixture. Unfortunately, both the bis 
and tris species are formed, and are inseparable by 
fractional condensation in vacuo. The tris species may 
be prepared by using a sufficient excess of PBrF2 and 
NMe350, and the published procedure for making NH(PF2)246 
suggests acid cleavage of one N-P bond occurs in the 
presence of agents such as HC1, HBr or H2S. However, all 
attempts to do this in the gas or liquid phase, including 
leaving N(PF2)3 in the presence of an excess of each 
reagent in turn for periods of up to four days, produced 
no reaction. Since the original spectra characterising 
NH(PF2)2 are perfectly satisfactory, it must be assumed 
that some impurity in that case catalysed the acid 
cleavage. 
The secondary amine was therefore prepared according 
to Equation 18: 
(18) 4NH2(PF2) + PBrF2+NMe3 -)' 3NH2 (PF2) + NH (PF2) 2 
+ [NMe3H] 
+ [Br] 
By treating a four-fold excess of aminodifluorophosphine 
with bromodifluorophosphine and trimethylamine, and 
destroying the excess of primary amine from the mixture 
of primary and secondary amines with hydrogen bromide, 
yields of up to 15% of product were recorded relative to 
Y 
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difluorophosphino amine. The purity of the sample 
prepared in this way was checked by it and nmr 
spectroscopy. 
Electron-diffraction scattering intensities were 
recorded photographically using the Cornell University 
diffraction apparatus30, now installed at the University 
of Edinburgh. The apparatus was operated in the conven- 
tional convergent beam mode, with a sector designed to 
give uniform scattering intensity from carbon atoms. 
With an accelerating potential of 44 kV and nozzle-to- 
plate distances of 128 and 285 mm, data were obtained 
over a range of the scattering variable s of 30-350 nm 
1. 
Data were recorded on Kodak Electron Image plates (three 
plates at each camera distance were used), with the 
sample at 228 K and the nozzle at 295 K. 
Values of 5.707 Ad 5.719 pm were obtained for the 
electron wavelength used for the short and long distance 
wavelengths, by examining the scattering pattern of 
gaseous benzene. 
The photographic intensities were obtained in 
digital form using a Jarrell-Ash double-beam micro- 
photometer51, with spinning'plates. All calculations were 
carried out using an ICL 2970 computer at the Edinburgh 
Regional Computing Centre. The data reduction program used 
was a version of an established program33 modified to 
handle data from the Jarrell-Ash microdensitometer. The 
least-squares refinement program is a new version of an 
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established program34 which uses an off-diagonal weight 
matrix to allow for correlation between data points. 
In all calculations for both species the complex 
scattering factors of Schafer9 were used. The 
weighting points used in setting up the correlation matrices 
for NHMe(PF2) and NH(PF2)2 are given, together with 
other experimental details, in Table 3.1. 
3.3 Refinement of NHMe (PF2) 
In the least-squares refinements of NHMe(PF2) local 
C3v and Cs symmetries were assumed for the CH3N and PF2N 
groups respectively. The hydrogen bound to nitrogen was 
assumed to' lie in the PNC plane. With these assumptions, 
the molecular structure could be defined by 12 independent 
parameters, taken to be the P-F, P-N, N-H, C-N and C-H 
bonds, the angles FPF, FPN, PNC, PNH and NCH, and two 
twist angles, defining the conformations of the -PF2'and 
-CH3 groups. The -PF2 twist angle was defined to be zero 
when the FPF angle bisector was cis to the N-H bond, and 
the -CH3 twist angle was taken to be zero when one C-H 
bond eclipsed the N-H bonds. In the later stages of 
refinement a variable amount of a second conformer 
differing only in -PF2 twist angle from the first 
conformer was introduced. 
All three heavy atom bonded distances lie beneath 
the peak at 160 pm in the radial distribution curve 
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(Figure 3. -1a) and so are strongly correlated. Although 
the P-F, P-N and N-C distances refined satisfactorily, 
their amplitudes of vibration would not, and had to be 
assigned reasonable values. 
The major skeletal angles, FPF, PNC and FPN, refined 
satisfactorily, as did the amplitudes of vibration for 
the non-bonded distance P... C. The amplitudes of 
vibration for the F... F and F... N distances refined as 
a single parameter. Of the parameters involving hydrogen 
only the C-H bonded distance and the NCH angle could be 
refined. The methyl group torsion angle was found by 
performing an R factor loop. 
Assuming the presence of only one conformer, the PF2 
twist angle refined satisfactorily to ca. 171°, with 
the two C... F amplitudes of vibration refining as a single 
parameter. After completing refinements with one 
conformer only, a series of refinements was carried out 
with fixed small amounts of a second conformer, the -PF2 
twist angle of which was fixed initially at values in the 
range 0 to 1800, and latterly in the range 65ß to 105°. 
The variation of R factor with amount of second conformer 
and twist angle is shown in Figure 3.2. Some refinements 
were carried out with the -CH3 twist. angle fixed at 
values other than 0°. Altering this angle proved to have 
no significant effect on the refining parameters. 
The final molecular parameters are listed in Table 
3.2andthe least square correlation matrix in Table 3.3a. 
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The molecular scattering intensity curves are shown in 
Fig-3.3. and the structures of the two conformers of PF2- 
(NHMe) are depicted in Fig. -3.4, with possible H... F 
interactions shown by broken lines. 
3.4 Refinement of NH (PF2) 2 
In the early stages of refinement the-molecular model 
used allowed for the presence of only a single conformer. 
The basic structure had C2v symmetry and was defined in 
terms of P-F. P-N, and N-H distances, and FPF, FPN and 
PNP angles. The hydrogen atom was assumed to lie in the 
PNP plane. Distortion from C2v symmetry (with the FPF 
angle bisectors eclipsing the N-H bond) was possible by 
twisting the PF2 groups around the P-N bonds. These two 
twists could be constrained to be equal, or equal ahd 
opposite, giving structures of C2 or Cs symmetry. Using 
this model, the principal bond lengths and angles refined 
readily, and the best fit (RG = 0.061) was obtained for a 
C2 structure, with PF2 groups twisted 5° from the C2v 
positions. 
The model was then modified so that a variable amount 
of a second conformer, differing from the first only 
in the PF2 twist angles, could be included. As it was not 
feasible to investigate all combinations of the four twist 
angles defining two conformations and the relative 
proportions of the two, some constraints on the twist 
angles were applied. All possible mixtures of conformation 
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that could be described by two twist angles and a 
proportionality factor were explored. There was no 
significant reduction of the R factor for any amount of a 
second conformer with C2 or CS symmetry, including those 
forms (of Cs and C2v symmetry respectively) in which one 
or more of the phosphorus lone pairs eclipsedthe N-H 
bond. However, a considerable improvement was obtained 
when it was assumed that the second conformer had one 
angle which was the same as those in the major form, 
and the second angle was treated as a variable. In 
Fig . 
3.5. the variations of the R factor with this angle 
and with the percentage of the second conformer are 
shown. The lowest R factor (0.05) was obtained for 27.5% 
of a form with twist angles of 5 and 58°. 
The results of the final refinement are given in 
Table 3.4. All distances quoted are ra, and errors are 
estimated standard deviations obtained in the least- 
squares analysis, increased to allow for systematic 
errors. The final least-squares correlation matrix 
(Table 1.3b) shows several strong correlations between 
parameters caused by overlap of the P-F and P-N and F... F 
and F... N peaks in the radial distribution curve (Figure 
3. lh). The intensity data and final weighted difference 
curves are shown in Figure 3.6. 
3.5 Results and Discussion 
(a) NHMe (PF2) 
The parameters found for the skeletal group F2PN are 
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in good agreement with those found for closely related 
compounds (see Table 3.5). The P-N bond length is towards 
the lower end of the expected range, and the P-F distance 
is similarly long. However, the non-bonded distances F... F 
and F... N have values consistent with Bartel hard sphere 
radii52 and as a consequence the FPF angle is fairly small 
and the FPN angle is quite wide. The wide PNC angle 
can similarly be accounted for in terms of P... C 
contacts. 
No evidence could be obtained regarding the location 
of the imino hydrogen, but considering the wide PNC angle 
found (ca. 125°), it is possible that the assumption that 
the bonds-to nitrogen are coplanar is correct. 
The twist angle of the -PF2 group of the major 
conformer refined to 171.4 (20)0. It is probable that the 
average twist angle of this conformer is 180°, and that 
torsional vibration about the mean position is giving rise 
to a substantial shrinkage effect. In this configuration, 
fluorine atoms lie close enough to methyl protons for 
there to be some stabilizing effect from weak H... F 
interactions. The shortest H... F distances for a -PF2 
twist angle of 170° vary between 250 pm and 279 pm, 
depending on the orientation of the CH3 group. This 
compares with the sum of the van der Waals' radii for 
hydrogen and fluorine of 255 pm. 
Two N-H stretching vibrations are evident in the 
room temperature infrared spectrum of NHMe(PF2), the major 
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peak occurring at 3467 cm 
1 
and the other at 3417 cml. 
The infrared spectrum of the solid phase at 77 K shows 
the presence of only one N-H stretching vibration at 
3430 cm 
1. From the evidence presented in Figure 6 we 
deduced that the data are consistent with the possible 
existence of a second conformer, with a -PF2 dihedral 
angle of ca. 850 and an abundance of up to 20% at room 
temperature. 
In this second conformer there are contacts of 260 pm 
for one fluorine atom and the proton on nitrogen, and 
between 263 pm and 296 pm for one fluorine and the closest 
methyl proton, depending on the -CH3 group twist angle. 
This configuration corresponds to that of the major 
conformer found for the compound N4F2)(SiH3) which has a 
-PF2 twist angle of 90° and one (Si) H... F contact at 267 pm 
and one (N) H... F contact at 252 pm. However, in that case 
the second conformer has a twist angle of 26° which gives 
rise to only (N) H... F contacts. The absence of a 180 
0 
conformer can be explained in terms of the longer Si-H 
and Si-N bonds in conjugation with the wide PNSi angle, 
precluding any close (Si)H... F contact. 
(b) NH (PF2) 2 
From Table3.5it can be seen that there is very little 
variation of P-F distances and FPF and FPN angles in the 
series of primary, secondary and tertiary difluorophosphino 
amines, but that the P-N bond lengths increase from around 
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165 pm in amines with one PF2 group, "to 168 pm in amines 
with two PF2 groups; to 171 pm in N(PF2)3. This may be 
interpreted in terms of (p-*d)n bonding, with competition 
between phosphorus atoms for the nitrogen lone pair of 
electrons, or in terms of non-bonded contacts between 
phosphorus atoms. The P... P distance in NH(PF2)2 is 
295 pm, with a PNP angle of 122°, but in N(PF2)3 the 
maximum possible PNP angle is 120 
° and as the P... P 
distance of 296 pm is essentially the same the long P-N 
bond length may be explained. However the short P... P 
distance (285 pm) in NMe(PF2)223 associated with a PNP 
angle of 116° and similarly short P... P distance (289 pm) 
and narrow PNP angle (1180) found for N(SiH3)(PF2)227, 
coupled with the fact that the increments in going from the 
primary to secondary, and secondary to tertiary difluoro- 
phosphino amine are approximately equal, tends to suggest 
that steric crowding is not severe in the molecule studied 
here. 
There is close agreement between X-ray 
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and electron 
diffraction results for the main geometrical parameters, 
indicating that although the conformation may change between 
gaseous and crystalline phases, there is very little 
distortion of bond lengths and inter-bond angles. This is 
to be-expected, as the X-ray study showed that there were 
no strong intermolecular contacts. 
The conformations adopted by bis(difluorophosphino)amine 
are of particular interest. The predominant gas-phase 
49 
form is very similar to that found in the crystalline 
solid. It seems highly likely that the gas-phase form has 
C2v symmetry, and that the apparent 50 twist angles 
observed are shrinkage effects caused by torsional vibra- 
tions of the PF2 groups. In this form there are four 
intramolecular F... H contacts of 263-270 pm, and these may 
provide the weak attractive forces that stabilise this 
arrangement. In the solid there are additional inter- 
molecular F... H contacts; these do not appear to affect 
the structure of individual molecules, but only the packing 
arrangement. 
The existence of two N-H stretching and two N-H 
in-plane deformation bands in the gas-phase it spectrum 
of NH(PF2)246 indicated that two conformers probably 
existed in the gas phase. This has now been confirmed by 
the structural study. In the less abundant form, one 
PF2 group is twisted about 600 from the C2v position. Why 
this particular structure should be favoured is not clear, 
but it should be noted that one F... H contact is now at 
250 pm, which is slightly less than the sum of the Van der 
Waals' radii of fluorine and hydrogen. Figure 3. *7shows 
the conformations adopted by NH(PF2)2 in the gas phase, 
with possible attractive H... F interactions indicated by 
broken lines. 
It is not possible to draw conclusions about the con- 
formation in solution of bis(difluorophosphino)amine from 
the present work, but it is interesting to note that the Rmr 
50 
coupling constant 
2J(PP') is much smaller for this 
compound46 than for substituted bis(difluorophosphino)- 
amines53,54,55 and that large couplings have been 
associated with strong interactions between lone pairs of 
electrons on phosphorus atoms56. The existence of a 
conformer in which this interaction is reduced by the 
twisting of one PF2 group away from the position giving 
maximum lone-pair interaction may provide a rationalisation 
of the observed nmr coupling constants. The Raman 
spectrum of liquid NH(PF2)2 shows two N-H stretching 
bands at 3315 and 3355 cm 
1, 
with an intensity ratio of 
ca. 5: 1. Thus it seems likely that in condensed fluid 
phases the conformational properties relate more closely to 
those in the vapour than to those in the crystal. 
3.6 Conclusions 
The vibrational spectra of both molecules studied here 
(Figure 3A) indicated that two conformers were present in 
the gas phase, and this has now been confirmed by gas 
phase electron diffraction, the conformations being directed 
by intramolecular H... F attractive interactions. Both 
molecules show expected shortening of the P-N bond relative 
to the Shomaker-Stevenson17 estimate for a P-N single 
bond, commensurate with the number of difluorophosphino 
groups around nitrogen, and in all other respects the 
geometrical parameters compare with those found for 







































ca 'i 44-4 . r. - 0 'i 1f) 0 0 v v 
a) v v v t- h 
-"1 l- 00 l- C) 
93 Co l- N Co t- U 
 O O 
CD 1D O 
le 1-4 431 
P. ö ö 0 ö ö 
a 
I 
U q CD cli O 
Oi r1 
1 0 0 Co 3 0 0 0 e}' N 0 
k . -1 1 C ß q O I lý c C ý ý 
ý 




d r4 lqg Cl . -1 Cl 
00 









w .. Cl 
"" ä 




Table 3.2: Molecular parameters for PF2(NHr. 1e) 
Distances / pm Amplitude / pm 
(a) Independent distances 
r1(p-F) 159.3(4) 4.9(fixed) 
r2(P-N) 164.8(7) 4.5(fixed) 
r3(N-H) 100.0(fixed) 7.5(fixed) 
r4(C-N) 144.8(12) 4.4(fixed) 
r5(C-H) 107.8(20) 7.7(fixed) 
(b) Independent angles (°) 
<1 F-P-F 94.1(8) 
<2 F-P-N 100.6(4) 
<3 P-N-C 125.3(20) 
<4 N-C-H 113.8(25) 
<5 P-N-H 118.0(fixed) 
<6 PF twists b 2 
171.4(20) 
<7 PF twist 85.0(fixed) 
<8 CH3 twist 0.0(fixed) 
(c) Dependent Distances 
d6 (F... F) 233.2(15) 8.8(12) 
d7 (F... N) 249.5(10) S. 8(tied to u6) 
d8 (F... (N)H)a 334.3(18) 15.0(fixed) 
d9 (F... (N)H)a 343.3(30) 15.0(fixedl 
d10(C... F)a 295.1(40) 16.2(30) 
d11(C... F)a 328.1(3C) 16.2(tied to u10) 
(F... (C)H)a d 270-405(3) 16.0(fixed) 
12-17 
d18(P... (N)H) 229.5(10) 11.0(fixed) 
d19(P... C) 275.2(15) 8.0(10) 
(P... (C)H) d 308-367(4) 12.0(fixed) 
20-22 
d23(N... (C)H) 212.3(25) 11.0(fixed) 
d24(C... (N)H) 209.7(13) 11.0(fixed) 
d25((C)H... (C)H) 170.8(50) 12.0(fixed) 
d26((N)H... (C)H) 233.2(50) 18.0(fixed) 
d27((N)H... (C)H) 284.3(29) 18.0(fixed) 
d28((N)H... (C)H) 284.3(25) 18.0(fixed) 
d (C... F)b 300.7(23) 16.2(tied to u10) 29 
d30(C... F)b 381.2(18) 16.2(tied to u10) 
Note: Quoted errors are estimated standard deviations derived from the least 
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Table 3.4: Molecular parameters for NH(PF2)2 
Distance/pm Amplitude/pm 
(a) Independent geometrical parameters 
r1(P-F) 158.4(3) 5.6(4) 
r2(P-N) 168.4(8) 6.8(tied to u1) 
r3(N-H) 97.3(23) 5.7(24) 
Angle/o 
Angle 1 (F-P-F) 95.6(10) 
Angle 2 (F-P-N) 98.3(7) 
Angle 3 (P-N-P) 122.1(7) 
Angle 4 (twist 1)a 5.3(13) 
Angle 5 (twist 2)b 58c 
% of conformer 2 27.5e 
(b), Dependent distances 
d4 (F ... F) 234.8(9) 7.4(7) 
d5 (F ... N) 247.3(11) 9.2(tied to u4) 
d6 (P ... P) 294.8(14) 10.0(7) 
d7 (P ... F)d 387.6(27) ) 
d (P ... F)d 395.5(30) 
d9 (P ... F)e 333.0(25) 
12.4(6) 
d (P ... F)e 
409.7(24) 
10 
d (F ... F)f 
436(4) 15.7(20) 
1 
d12(F ... F)2 494(2) 13.4(20) 
di3(F ... F)e 379(3) 
15.7(tied to u11) 
d14(F ... F)e 469(3) 13.4(tied to u12) 
d15(F ... F)e 470(3) 13.4(tied to u12) 
d16(F ... F)e 485(4) 15.7(tied to u11) 
d17(P ... H) 231.7(22) 11.0(fixed) 
d18(F ... 11)d 250-310 18.4(80) 
aTwist 
angle for both PF2 groups of major conformer, and for one group 
of second conformer; 
blwuist 
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Figure 3.1: Final and 
NHI le (PF2) 




observed radial distribution curves for (a) 
and (b) NH(PF2)2. Before Fourier inversion 
multiplied by s. exp [(-0.00015 s`) 
ým 
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Figure 3.2 : Variation of RG factor with proportion and 
twist angle of second conformer of NHMe(PF2) 
(h) fixed percentages and varying angles 
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Figure 3.3 : Observed and final weighted difference molecular 
intensity curves for NHMe(PF ) for nozzle-to- 
plate distances of (a) 250, 









Figure 3.4 : Molecular structures of NHMe(PF2) 
(a) major conformer 
(b) minor conformer 
(a) 
(b) 
Note: hydrogen to fluorine attractive interactions are 
shown by broken lines 
60 
Figure 3.5 : Variations of the RG factor with (a) percentage 
of second conformer present and (b) second twist 
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Figure 3.6: Observed and final weighted difference 
molecular-intensity curves, for nozzle-to- 




Figure 3.7 : The molecular structures of NH(PF2)2 
(a) major conformer 
(b) minor conformer 
(a) 
(b) 
Note: possible hydrogen to fluorine attractive interactions 
are shown by broken lines 
63 
Figure 3.8: Infrared spectra of (a) NHMe(PF2) and (b) NH(PF2)2. 
N-H bands are indicated in s and d for 









THE GAS PHASE MOLECULAR STRUCTURES OF 
DIFLUOROPHOSPHINO(DISILYL)AMINE AND 
BIS(DIFLUOROPHOSPHINO)SILYLAMINE 
DETERMINED BY ELECTRON DIFFRACTION 
65 
4.1 Introduction 
The molecular geometries of silicon- and phosphorus- 
substituted amines have been extensively studied. The 
silyl amines show a significant shortening of the Si-N 
bond compared with the Shomaker-Stevenson estimate17 with 
the higher substituted trisilylamine15,16 having a longer 
bond (173.4(2) pm) than disilylamine (172.5(3) pm)21, which 
is correspondingly longer than that for dimethyl(silyl)- 
amine (171.5(4) pm) 
23, due to p+d it-bonding from the lone 
pair on nitrogen to vacant d orbitals on silicon. As 
with the difluorophosphino amine series 
13,18,26, 
the 
decreasing Si-N bond length with number of silyl ligands 
is seen to be a result of the lone pair on nitrogen being 
directed towards fewer sites. Only dimethyl(silyl)amine 
shows any deviation from a planar arrangement of ligands 
at nitrogen, and, as for the corresponding difluorophosphino 
amines, this may be due to a low-frequency out-of-plane 
deformation, which would give a large shrinkage effect. 
However, of the three amines containing both silyl 
and difluorophosphino substituents, only one, NH(PF2) - 
(SiH3), has been the subject of a structural study. it 
24 
was therefore important to study the other two, 
N(PF2)2(SiH3) and N(PF2) (SiH3)2, as these would be 
expected to have planar arrangements of the bonds to 
nitrogen. It was also of interest to see whether there 
was any evidence of competition between phosphorus and 
silicon for the nitrogen lone pair of electrons, leading 
66 
to a shortening of one type of bond to nitrogen at the 
expense of the other type. Finally, the conformations 
adopted by the difluorophosphino groups were of 
interest, as predictions about these had been made on 
the basis of nmr coupling constants53. 
4.2 Experimental 
A sample of difluorophosphino(silyl)amine was 
prepared53 from first reacting NH2(PF2) with SiH3Br 
at 250 K under reduced pressure according to Equation 19. 
(19) SiH3Br + NH2(PF2) 
25h NH(PF2)(SiH3) + HBr K 
2HBr + NH2 (PF2) 
25 [NH4] + [Br] + PF2Br 
NH(PF2)(SiH3) was isolated by fractional condensation 
in vacuo. The driving force in the above reaction is 
the formation of ammonium bromide. Further silylation was 
accomplished by mixing equal amounts of NH(PF2)(SiH3) and 
SiH3Br, adding NMe3 under reduced pressure, and allowing 
the mixture to warm to room temperature for ca. 10 seconds 
prior to recondensing remaining volatiles in clean 
glassware, according to Equation 20. 
(20) NH (PF ) (S1H )+ S1H Br + NMe 
10 sec N (PF ) (SiH 2333 298K 2 3)2 
+[NHMe3] +[Br] 
67 
The final product was purified by fractional 
condensation in vacuo and its purity checked by infrared 
spectroscopy. Yields up to 75% of the theoretical were 
recorded. 
Bis(difluorophosphino)silyl amine was prepared53 from 
the reaction between NH(PF2)2 and silyl bromide in the 
presence of trimethylamine, according to Equation 21. 
(21) NH(PF )+ SiH Br + NMe 
298K N(SiH (PF 2233 10 secs 3) 2)2 
+ [NHMe3] 
+ [Br] 
Up to 70% yields were recorded for this reaction. 
(The preparation of bis(difluorophosphino)amine is 
described in Chapter 3). Again the product was purified 
by fractional condensation in vacuo and its purity checked 
spectroscopically. 
Electron diffraction scattering intensities were 
recorded using the Cornell/Edinburgh diffraction apparatus 
25,30 
with nozzle-to-plate distances of 128 and 285 mm, 
and an accelerating voltage of ca. 43 kV. During exposures 
samples were maintained at 250 K, and the nozzle at room 
temperature, 293 K. Data were recorded on Kodak Electron 
Image plates, and obtained in digital form using a 
Jarrell-Ash double beam microphotometer, with spinning 
plates51. The electron wavelengths were determined 
from the scattering patterns of gaseous benzene, recorded 
immediately before or after the sample plates. 
68 
All calculations were carried out on an ICL 2970 
computer at the Edinburgh Regional Computing Centre, 





Weighting points used in setting 
up the off-diagonal weight matrices are given, together 
with other experimental data, in Table 4.1-In all 
calculations the complex scattering factors of Schafer 
et a19 were used. 
4.3 Refinement 
Difluorophosphino(disilyl)amine - In refinements of 
the structure of N(PF2)(SiH3)2 it was assumed that the 
NPF2 group had local Cs symmetry, and that the two NSiH3 
groups had local C3v symmetry. The N(SiH3)2 group was 
assumed to have C2 symmetry, with the two SiH3 groups 
twisted away from the conformation in which one Si-H 
bond of each group was trans to the further N-Si bond. 
The PNSi2 group was initially assumed to be planar, with 
C2v symmetry, but distortions of the P-N bond, both in 
the plane and perpendicular to it, were subsequently 
permitted: in the final refinements the distortion in the 
plane was the only one allowed. Finally, the PF2 group 
was allowed to twist, about the P-N bond, with zero twist 
angle defined for the conformation in which the FPF 
angle bisector lay perpendicular to the NSi2 plane. 
With these assumptions, the structure was defined by 
69 
eleven geometrical parameters. Although there were 
strong correlations between parameters (Table 4. )caused 
by overlap of peaks in the radial distribution curve 
(Figure 4.1a), it was soon clear that the PNSi2 skeleton 
was planar, and that the three angles at nitrogen were 
equal, within experimental error. Most of the other 
heavy-atom parameters refined easily, but the three 
bonded distances, P-F, P-N and Si-N, were strongly 
correlated, and occasionally the relative positions of 
the P-F and P-N distances would reverse. On the basis 
of the known bond lengths in other difluorophosphino 
amines 
13,18,22,23,24,25,26, the ratio r(P-N)/r(P-F) was 
assumed to be 1.060 + 0.002, and this 'predicate 
observation'41 was used as an additional experimental 
datum in subsequent refinements. Similarly, the ratio 
<(FPN)/<(FPF) was taken to be 1.035 + 0.015, and this 
mild constraint was sufficient to stabilise the 
refinements. 
The conformation adopted by the -PF2 group was 
found by fixing the twist angle at various values, and 
comparing the R factors obtained. By coincidence, the 
radial distribution curves for twist angles of 10 and 
800 are extremely similar but the 800 form gives a 
significantly lower R factor, and other parameters refine 
to more reasonable values with the larger twist angle. 
The silyl twist angle was also found by a similar 
process, but other parameters associated with hydrogen 
atom positions could not be refined, and were fixed at 
70 
reasonable values. 
The results of the final refinement, for which RG 
was 0.08 and RD was 0.06, are given in Table 4.3. Errors 
quoted are estimated standard deviations obtained in the 
least squares analysis, increased to allow for systematic 
errors. The radial distribution curve for this 
molecule is shown in Figure 4. la; observed and final 
weighted difference molecular scattering intensities are 
shown in Figure 4:. 2. 
Bis(difluorophosphino)silylamine - In the molecular 
model used for the refinements of this structure it was 
assumed that the two NPF2 groups were identical, and had 
Cs symmetry, that the NSiH3 group had C3v local symmetry, 
and that the P2NSi skeleton had Cs symmetry. It was soon 
apparent that the bonds to nitrogen were coplanar, and in 
the later refinements this was assumed, with a single 
angle (PNP) describing the coordination at nitrogen. 
The conformation was described by three angles. 
The SiH3 twist angle was taken to be zero when one Si-H 
bond lay in the skeletal plane. The two PF2 twist angles 
were defined to be zero when the FPF angle bisectors lay 
cis to the N-Si bond. These two angles could be 
constrained to be equal, or equal and opposite, giving 
C2 or Cs symmetry to the N(PF2)2Si unit, or they could be 
varied independently. 
Of the eleven geometrical parameters, only the NSiH 
71 
and the SiH3 twist angles could not be refined. The 
latter was fixed at 500 this value giving the lowest R 
factor in a series of test refinements. The PF2 twist 
angles were varied over a wide range, but the lowest R 
factors were obtained when both angles were close to zero; 
a small Cs distortion was preferred to a C2 distortion. 
The results of the final refinement, for which RG 
was 0.06 and RD was 0.04 are listed in Table 4-. 4, o, and the 
least-squares correlation matrix is given in Table 4.5. The 
intensity data are shown in Figure 4.3 and the radial 
distribution curve in Figure 4.: i. 
4.4 Discussion 
The gas phase structures of N (PF2) (SiH3) 2 and 
N(PF2)2(SiH3) in both cases reveal an entirely planar 
arrangement of ligands around nitrogen. The absence of 
any apparent shrinkage due to out-of-plane deformations 
of the NR3 group may be attributed to the fact that the 
atoms bound to nitrogen in all cases contact each other 
at distances approximating to the sums of their Bartell 
hard sphere radii52, precluding closer approach. 
The angles at nitrogen are 1200 within experimental 
error in the case of N(PF2)(SiH3)2. A slight narrowing 
of the <PNP angle in N(PF2)2(SiH3) from 1200 (118.2(10)°) 
may be due to the absence of steric crowding between 
neighbouring PF2 groups, since the fluorines tend to point 
72 
away from each other in the preferred conformation. 
In both molecules r(Si-H) was fixed at a reasonable 
value and r(P-F) refined to a value consistent with those 
expected for the F2PN moiety, as shown in Table 13. 
Since some it character can be assigned to the R-N bonds, 
which are in all cases shorter than those expected for 
a corresponding single bond, some interest lay in 
investigating the effect of PF2 and silyl groups competing 
for the lone pair on nitrogen. It was found that while 
the P-N bond lengths for the mono and bis PF2 species, 
being 168.0(4) pm and 169.1(4) pm respectively, were 
substantially shorter than those found in N(PF2)3 
(171.1(4) pm)18, the Si-N bond lengths in both cases 
were some 2-3 pm longer than that measured in trisilyl- 
mine15,16 a. This clearly demonstrates that the PF2 group 
has a greater propensity for accepting electron density 
from the p-orbital on nitrogen than the silyl group, and 
this is almost certainly due to the electron withdrawing 
effect of the fluorines bonded to phosphorus. It has been 
shown that replacing hydrogens with fluorines on silyl 
groups bound to nitrogen shortens the Si-N bond, from 
171.5 pm in NMe2(SiH3)20 to 165 pm in NMe2(SiF3)58. A 
gas phase study of the molecule NH(PMe2)259 may therefore 
be expected to show P-N bonds substantially longer than 
those found for NH (PF2) 2. 
The angles at phosphorus require no special comment: 
<FPF and <FPN in both cases give expected values for the 
F2PN group (Table 4', Z). Typical values for these parameters 
73 
range from 95-970 and 98-10O0 respectively. In the case 
of NH (PF2) (SiH3) 
24 it may be that these strongly 
correlated angles have been reversed in the refinements. 
The conformation of the PF2 groups in PF2 amines is 
generally of some interest, since they can be directed 
by two factors: lone pair repulsions between P and P or P 
and N; and attractive interactions between F and H, the 
latter being important for all NR3 compounds (R = PF21 
SiH31 CH3 or H) containing PF2 groups, except N(PF2)3. 
It has been suggested in Chapter 3 that in general 
fluorine-hydrogen interactions predominate over lone pair 
repulsions, as is evident in the cases of NMe(PF2)223 
and NH(PF2)226where attractive H... F interactions force 
the phosphorus lone pairs, although orthogonal to that on 
nitrogen, to lie cis to each other in the major conformer 
for each molecule. For N(PF2)2(SiH3) and N(PF2)2(SiH3) 
nmr studies had already been used to predict the likely 
orientations of the PF2 groups53. It has been 
suggested56,60 that some two or three bond couplings to 
three coordinate phosphorus are sensitive to conformation, 
with large couplings resulting from atoms lying cis to 




are small (3.5 and 7 Hz 
respectively), indicating that the <FPF bisectors lie 
cis to the silyl group. In N(PF2)(SiH3)2., nmr couplings 
have been explained in terms of the average of one cis 
and one trans J(PX) (X = 
29Si 
or 
1H), indicating fast 
rotation of the PF2 group on the nmr timescale. These 
74 
predictions have been verified by the present study. 
In N(PF2)2(SiH3) the PF2 torsions refined as a single 
parameter, with the best fit being for a conformation 
where the N(PF2)2 group adopts a local CS symmetry with 
the FPF angle bisectors lying 3° away from being cis to 
the Si-N bond. This result is identical in principle to 
those found for NH (PF2) 2, NMe (PF2) 2 and N (GeH3) 
(PF2) 229,55. 
In N(PF2)(SiH3)2 the <FPF bisector was found to lie 14° 
away from the skeletal plane, corresponding to a 
substantially larger torsional vibration than that found 
for N (PF2) 2SiH3. 
In both molecules studied here, attractive H... F 
interactions almost certainly play the major part in 
determining the conformations of the PF2 groups. 
N(PF2)(SiH3)2 contains H... F contacts from 255.5 pm and 
N(PF2)ý. CiH3) similar contacts from 260.5 pm. The lower 
values in both cases correspond to the sum of Van der 
Waals' radii for fluorine and hydrogen, and represent the 
optimum distance for maximum H... F interaction. Molecular 
illustrations, with possible H... F interactions indicated 
by broken lines, are given in Figure 4.4. 
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Table 4.3: Molecular parameters for N(PF2)(SiH3)2 
Independent distances Distance/pm Amplitude/pm 
r1(P-F) 158.5(3) 4.7(fixed) 
r2(P-N) 168.0(4) 5.3(5) 
r3(Si-N) 175.5(4) 5.3(tied to u2) 
r4(Si-H) 149.0(fixed) 8.8(fixed) 
Dependent distances 
d5(F... N) 249.1(12) 10.8(11) 
d6(F... Si) 407.3(15) 11.3(12) 
d7(F... Si) 385.4(21) 11.3(tied to u6) 
d8(F... Si) 295.7(22) 11.3(tied to u6) 
d9(F... Si) 324.0(19) 11.3(tied to u6) 
d10(F... F) 237.3(18) 10.8(tied to u5) 
d11(Si... Si) 304.0(25) 10.1(6) 
d12(Si... P) 296.7(13) 10.. 1(tied to u11) 
di3(Si... P) 298.1(23) 10.1(tied to u11) 
d14-25(F... H) 255.5 - 514.7(30) 11.1(39) 
d 
26-28 
(P... H) 309.9 - 402.2(18) 11.9(39) 
d29(N... H) 266.2(15) 12.0(fixed) 
d30-32(Si... H) 339.5 - 428.4(30) 11.9(tied to u26) 
d33(H... H) 242.5(fixed) 12.0(fixed) 






<5(P-N in plane def. ) 0.5(9) 
<6(SiH3 twist) 8(fixed) 
<7(PF2 twist) 76.0(12) 
Note: all distances are r 
a 
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Table 4.4: Molecular parameters for N(PF2)2(SiH3) 
Independent distances Distance/pm Amplitude/pm 
r1(P-F) 157.0(2) 4.7(3) 
r2(P-N) 169.1(4) 5.2(tied to u1) 
r3(Si-N) 176.7(7) 5.2(tied to u1) 
r4(Si-H) 145.8(30) 8.8(fixed) 
Dependent distances 
d5(N... F) 248.7(5) 8.1(8) 
d6(F... F) 233.5(8) 8.1(tied to u5) 
d7(F... F) 496.5(8) 21.2(25) 
d8(F... F) 431.2(7) 21.2(tied to u7) 
d9(F... F) 445.2(7) 21.2(tied to u7) 
d10(F... Si) 316.2(31) 25.6(25) 
d11(F... Si) 309.6(30) 25.6(tied to u10) 
d12(P... Si) 301.2(6) 11.5(7) 
d13(P... F) 386.5(24) 14.0(7) 
d14(P... F) 391.8(21) 14.0(tied to u13) 
d15(P... P) 289.3(11) 11.5(tied to u12) 
d16-27(F... H) 260.5 -455.8(40) 22(fixed) 
d28(H... H) 237.3(50) 18(fixed) 
d29-31(P ... H) 328.6 -419.0(20) 18(fixed) 






<5(PF2 twist) -3.3(27) 
<6(SiH3 twist) 50(fixed) 
Note: all distances are r a 
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Figure 4.1: (a) Observed and difference radial distribution 
curves for N(PF2) (SiH3)2 
(b) Observed and difference radial distribution 







Note: Before Fourier inversion the data were multiplied by 
s. exp[-0.000015s /(ZP-fp) (ZF-fF)J. . 
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Figure 4.2: Observed and final weighted difference molecular 
scattering intensities for N(PF )(SiH3)2 at 






S. nri -1 
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Figure 4.3 : Observed and final weighted difference molecular 
scattering intensities for N(PF ) (SiH3) at 










Figure 4.4: Molecular structure of (a) N (PF`) (SiH) 32 
and (b) N(PL 2) 2 (SiH3) 




THE GAS PHASE MOLECULAR STRUCTURE 
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5.1 Introduction 
Of the five amines with germyl groups bound to 
nitrogen so far reported 
55,61 
only one, the very unstable 
trigermylamine, has been the subject of a gas phase 
structure investigation62. An electron diffraction 
structural study of the molecule N(GeH3)(PF2)2 has there- 
fore been undertaken, the stability of which relative to 
trigermylamine appears to be increased by the presence of 
the two difluorophosphino groups. 
Certain geometrical features likely to be exhibited 
by this molecule could be predicted from previously 
determined structures of other amines. Firstly, in all 
R3N compounds (R = PF21 SiH3 or GeH3) studied the skeletal 
group was found to be planar, arguably due to delocalisa- 
tion of the lone pair from the p orbital on nitrogen, and 
the short M-N bonds found in these 
attributed to some increase in bond 
bonding from the donor p orbital on 
orbitals on the ligands. Therefore 
if N(GeH3)(PF2)2 showed significant 
planarity of the NGeP2 skeleton. 
compounds have been 
order due to p+d it 
nitrogen to vacant d 
it would be surprising 
distortion from 
Furthermore, in the previous chapter it was shown 
that where PF2 and SiH3 groups are bound to the same 
central nitrogen atom, the electronegative PF2 groups cause 
the bonds from nitrogen to silicon to lengthen. Thus 
we would expect the Ge-N bond to be substantially longer 
here than in trigermylamine. 
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Predictions on the likely conformation of the difluoro- 
phosphine groups have been made on the basis of the very 
low 3J(31P1H) coupling constant (2 Hz) found in the 
initial study of this molecule55. It has been suggested 
that a maximum coupling constant would be obtained when 
the lone pair on phosphorus lay cis to a germyl proton 
Therefore it has been concluded that it is the fluorine 
atoms which must lie cis to the germyl group. The value 
for 2J(31P31p) of 405 Hz at room temperature lends further 
support to this theory, since the two phosphorus lone 
pairs lying cis to each other would generate a large 
coupling. A similar effect is observed in NMe(PF2)254 
and in other bis(difluorophosphino) compounds. 
The conformation suggested by the above evidence 
would be exactly analogous to that found for N(PF2)2- 
(SiH3)27; therefore the predicted conformation seems 
entirely reasonable. 
5.2 Experimental 
A sample of bis(difluorophosphino)germylamine was 
prepared by the liquid phase reaction between bis(difluoro- 
phosphino)amine and germyl iodide, in the presence of 
trimethylamine55, according to Equation 22. 
(22) NH(PF2)2 + GeH3I + NMe3 ; 
N (GeH3) (PF2) 2+ 
ENHMe3] + [I] 
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The product was purified by repeated fractional 
condensation undertaken on a vacuum line, and the purity 
was checked by infared and nmr spectroscopy. 
Electron diffraction scattering intensities were 
recorded using the Cornell/Edinburgh diffraction 
apparatus 
26' 30, 
with nozzle-to-plate distances of 182 and 
1 288 mm, and an accelerating voltage of ca. 44 W. 
During exposures samples were maintained at 283 K, and 
the nozzle at room temperature, 298 K. Data were recorded 
on Kodak Electron Image plates, and obtained in digital 
form using a Jarrell-Ash double beam microphotometer, 
51 
with spinning plates. The electron wavelengths were 
determined from the scattering patterns of gaseous 
benzene, recorded immediately before or after. the sample 
plates. 
Calculations were carried out on ICL 2970 and 2980 
computers at the Edinburgh Regional Computing Centre, 
using the usual data reduction and least-squares 
refinement programme26. Weighting points used in setting 
up the off-diagonal weight matrices are given, together 
with other experimental data, in Table S. '. 1. In all 
calculations the complex scattering factors of Schafer et 
al9 were used. 
5.3 Refinement 
In refinements of the structure of N(GeH3)(PF2)2 the 
89 
GeNP2 skeleton was initially assumed to be planar, although 
an out of plane distortion of the germyl group was 
subsequently permitted. Local Cs and C3v symmetries were 
assumed for the NPF2 and NGeH3 groups respectively. 
Furthermore the torsion angles of the two PF2 groups, 
defined as zero when the <FPF bisectors lay cis to the 
germyl group, were constrained so as to maintain either 
Cs or C2 local symmetry for the N(PF2)2 moiety. The 
germyl torsion angle was defined as zero when one Ge-H bond 
lay in the skeletal plane, and in all cases positive 
torsion angles corresponded to clockwise rotations about 
the M-N bonds viewed from M to N. With the adoption of 
these assumptions, the structure could be defined by 11 
geometrical parameters. 
The conformation of the germyl group was found by 
varying the torsion angle and observing the R factors 
obtained. A plot showing this variation in R factor 
with torsion angle is given in Figure 5.; 1. Of the other 
parameters involving hydrogen <NGeH was fixed at the 
tetrahedral angle of 1100 and r(Ge-H) refined to a 
reasonable value, albeit with a large estimated standard 
deviation. All other parameters refined satisfactorily, 
and it was subsequently found that a somewhat lower R 
factor was obtained when the N(PF2)2 fragment was 
constrained to Cs symmetry, than when it had C2 symmetry. 
Results of the final refinement, for which Rg was 
0.12 and Rd was 0.08, are given in Table 5-. -2. Errors 
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quoted are estimated standard deviations derived from 
the least squares analysis increased to allow for system- 
atic errors. The observed and final weighted difference 
molecular scattering intensity curves are shown in Figure 
S. '2. 
The radial distribution curve is shown in Figure 
Finally, the correlation matrix derived from'the final 
least-squares analysis is given in Table 5.3. 
5.4 Results and Discussion 
The P2NGe skeletal group was found to be entirely 
planar with no apparent shrinkage, a result also found 
for N(PF2)2(SiH3)27. Any deviation from planarity 
resulted in a large increase in R factor. 
The geometrical parameters of the NPF2 groups, 
r(P-N), r(P-F), <FPN and <FPF, all refined to expected 
values, commensurate with those found in other bis- 
(difluorophosphino) amines (Table 3.4a). The value found 
for r(P-N) of 169.8(8) pm is close to that found in 
N(PF2)2(SiH3) (169.1(4) pm), indicating that steric 
crowding due to the bulkier germyl group is not severe. 
The Ge-N bond length in this study deserves special 
comment: compared totrigermylamine this parameter is 
over 5 pm longer. A similar difference has been observed 
for the analogous silyl amines (Table 5: 4B). This has 
been attributed to the electronegative -PF2 group having 
91 
greater iT-acceptor capability than the silyl group 
27 
- 
Since the difference is greater in the germyl than the 
silyl case, it could be argued that the former is a 
weaker n-acceptor than the latter. 
The PNP angle of 114: 0(8)° is somewhat small, and 
the P... P non-bonded contact (285 pm) is at the small end 
of a range of values found for other bis(difluorophosphino)- 
amines (Table 17a). Using the formula a(P... Ge) = 
/[d(Ge... Ge) + d(P... P)], and assuming values for 
d(Ge... Ge)62 and d(P... P)18 of 316 and 290 pm respectively, 
the expected value for the germanium-phosphorus distance 
would be 303 pm. The value of 315 pm found suggests 
that the narrow PNP angle found is not a result of 
steric crowding due to the germyl group. By comparing 
the results tabulated for all bis(difluorophosphino)- 
amines it can be seen that"d(P... P) here is similar to 
that found in the methyl case, *and less than 5 pm smaller 
than that found for N(PF2)2(SiH3). In the silyl case, it 
may be that the PNP angle is marginally wider because 
the fluorine atoms are attracted to the silyl protons, 
whereas in N(CH3)(PF2)2 optimum H... F contact would be 
possible with a narrower PNP angle. In the germyl case 
the shortest H... F distance is too long (297 pm) for any 
strong interaction to take place, as the. optimum distance 
for this lies in the region 250-265 pm23-27, and it 
appears here that the PNP angle relaxes back to a smaller 
value. 
The conformation of the PF2 groups can be deduced 
92 
directly from the form of the radial distribution curve, 
since only a configuration in which the FPF angle 
bisectors lay trans to each other would give rise to F... F 
distances up to 500 pm. The apparent distortion of 
c. 8° away from C2v symmetry for the N(PF2)2 moiety 
probably represents torsional shrinkage away from the 
higher symmetry. The torsional shrinkage in the case of 
the silyl analogue is 3°; the large value in the present 
study may be due to the lack of attractive H... F 
interactions to help pin the conformation down. In the 
case of NMe(PF2)2 
23 
refinements based on the assumption 
of low-frequency torsional vibrations led to shrinkage 
of up to 11 ° away from C2v symmetry for the N(PF2)2 group. 
This larger shrinkage may be explained in terms of H... F 
crowding. The orientation of the methyl group is suggested 
as being one in which C-ii and N-H bonds are not eclipsed. 
If the PF2 groups were to adopt conformations in which 
every H... F contact was equal, this would correspond to a 
significant Cs torsion away from C2v local symmetry for 
the N (PF2) 2 moiety. 
The arguments used here to explain torsional shrinkages 
in NMe (PF2) 223, N (PF2) 2 (SiH3) 
27 
and N (GeH3) (PF2) 2 coincide 
with those used to explain the values for respective PNP 
angles and non-bonded P... P distances discussed earlier. 
In broad terms, therefore, the structure of 
N(GeH3)(PF2)2 conforms to expectations. An illustration 
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Table 5.2: Molecular parameters for N(GeH3)(PF2)2 
Independent distances Distance/pm Amplitude/pm 
r1(P-F) 159.2(5) 4.9(11) 
r2(P-N) 169.8(8) 3.4(28) 
r3(N-Ge) 188.9(13) 6.2(15) 
r4(Ge-H) 153.6(43) 8.8(fixed) 
Dependent distances 
d5(N... F) 251.3(6) 7.4(15) 
d6(P... F) 237.6(16) 7.4(tied to u5) 
d7(F... F) 499.6(11) 10.2(15) 
d8(F... F) 458.4(23) 10.2(tied to u7) 
d9(F... F) 421.4(28) 10.2(tied to u7) 
d10(F... Ge) 318.8(11) 17.7(17) 
dll(F... Ge) 335.3(12) 17.7(tied to u10) 
d12(F... Ge) 315.3(6) 8.4(6) 
d13(P... F) 394.8(9) 10.3(13) 
d14(P... F) 381.2(12) 10.3(tied to u13) 
d15(P... P) 284.7(10) 7.0(12) 
d16-27(F... H) 296 - 467 22.0(fixed) 
d28(H... H) 250(7) 18.0(fixed) 
d29-31(P... H) 343 - 435 18.0(fixed) 
d32(N... H) 281(4) 15.0(fixed) 
Independent angles/o 
<1 FPF 96.5(11) 
<2 FPN 99.6(5) 
<3 PNP 114.0(8) 
<4 Ge-N (out-of-plane def. ) 0(see text) 
<5 NGeH 110(fixed) 
<6 PF2 twist 8.2(10) 
<7 GeH3 twist 28.0(see text ) 
Note: all distances are r a 
95 
ONM UA 
ý-1 NM er '-1 N CO) CO L- N 
r-1 Nm t0 77a . ýC . ýC vvvv 
0 V-4 00 N W to Lf) to Nö x 
M, ti0 ei In In LO It If) ö x 8 
In 0 p O 







w CIO 0 
M 
00 v 
c c 0 0 
z 
$4 ti0 o Cl) tnO 4-4 p1 






1 - 00 co to 
0 
Cd a 
O ö CD 0 
cis t- p1 M co to S C) V I rl 




V O a 
00 0 m 
C) 





































C) W M h Cý CO 
N N N N pi 
U 
iý ^ D 
ve x 
a 4. ) "" ", 
Ow 0 0 0 ti I 4 It) a c0 CM 








^ 0 ^ 
P. 4 , -1 ri r4 CC 
" Co . -I r') L- ýN 
lý n: 0 Co Co Co 0 
'O N N N N N 
G) ^ 
q ^ 'l7 
rl ^ O ^ ^ Cl 
. - v v v . '. I 
^ r-1 0 CO 0 4-4 ý ý 
N IA tr ý O 
rl a N rl r-I r-1 N 
. s~ v ýI r+ u .i a 
m 0 
a to 1 
f i t. t}' M 
o 1.0 _ 
Oz M 00 Cr) 00 N 9 
(ý F-4 0 
iH fs+ 00 Oý Cý Cý Cý e -4 
-I V O) C) C) O) Gý '-1 4i 




q i-1 In t) r-I Cr) 
Q v v v v v 
to W t0 N rl I! ) C) ". 4 X 
it ýn M t0 tD tD ý 
OV C) Q1 C) O) Q) $4 
M d 
öO ^ 
01 n ^ M ^ 
y v v v v M 
^ 
41 "" -% "% "" "% 0 Z CD ýr 0 ti Cl Co !ý 00 V' 7J I 
r ö n 0Z s, Co CO ti mä 0 
CO Co c) 0) . -i CH P, " co CD CO Co t- 





i. . -. .. .. .. 0 U M N N in N 
E^ v v v v v 44 OW 0 N eN Vj 
d 
tO 'a Co Co ti a) r II 
LO to It) In 40 
+a $4 rl '-1 r-1 r1 r-1 
.V 
Co . +' ^ N N 94 Z W 
'a 0 I 
ä 
p , 0. N m Cr) Z 'd m M v v M 0 M x x N 1. W O 
ºr N Ü om ß 
4) 114 v ] 0 i 0 y x 
«-1 G i +l 
.2 ^ II II II II II ý. Q 0 Co 0 CO2 c0 Q! 42 0 v v v v 


























Note: 1= defined in text 
20 25 30 35 400 
methyl torsion 
93 
Figure 5.2 : Observed and final weighted difference molecular 
scattering intensities at nozzle-to-plate 





Figure 5.. 3: Observed and difference radial distribution 
curve, P(r)/r. Before Fourier inversion the 
data were multiplied by s. expr-0.000015 s2/ 
(ZGe-fGe) (ZF-fF)J . 
P (r) /r 
Im 
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6.1 Introduction 
Electron diffraction structure determinations have been 
carried out on PF2NCO and PF2NCS63. These molecules show 
short P-N bonds and wide angles at nitrogen characteristic 
of aminodifluorophosphines. These features have been 
explained in terms of some n-bonding between the lone pair 
of electrons on nitrogen and vacant d orbitals on phosphorus. 
It is therefore of interest to see whether the structure 
of PF2NCSe follows the pattern set by the two difluoro- 
phosphine pseudohalides. 
In the cases of PF2NCO and F2PNCS, complications arose 
because both molecules exhibit a significant shrinkage 
effect in the electron diffraction (ra) structure 
determination due to low frequency bending modes. Spectro- 
- scopic data were used in these cases to calculate 
perpendicular amplitude coefficients and linear shrinkage 
corrections which yielded average (r 
a) 
structures when 
applied to the refined electron diffraction (ra) structure. 
The infrared spectrum of PF2NCSe64 similarly exhibits a 
low frequency bending mode, at 55 cm 
1, 
and in this case 
the necessary corrections from spectroscopic data were 
applied to the refining structure, as the computer programs 
used offer the facility to refine either ra or ra structures. 
Results are quoted here for both, since it is worth noting 
the major differences with respect to geometrical parameters 
obtained from either structure. 
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6.2 Experimental 
A sample of PF2NCSe was prepared by condensing 10 mMol 
PBrF2 onto 50 mMol of the silver pseudohalide salt64, 
allowing the reaction mixture to warm to room temperature 
and quickly recondensing volatiles into clean glassware 
(Equation 23). 
(23) PBrF2 + [Ag]+[NCSe] -; [Ag+] fer] + PF2NCSe 
A yield of 80% PF2NCSe with respect to PBrF2 was obtained. 
The product was separated from unchanged starting material 
and subsequently purified by fractional condensation 
in vacuo; the purity was checked by infrared spectroscopy. 
Electron diffraction scattering intensities were 
recorded photographically using the Cornell/Edinburgh 
diffraction apparatus26,30. With an accelerating potential 
of-43 kV and nozzle-to-plate distances of 128 and 285 mm, 
several sets of data were obtained covering an s range of 
34 to 268 nm 
1. 
The sample and the nozzle were held at 
room temperature (293 K). The background pressure was 
4x 10-7 torr and during a run this increased to 2x 10-6 
torr. The ion guage responsible for the above measure- 
ments is situated in the main chamber but removed somewhat 
from the nozzle. 
Photographic intensities were convered to digital 
form using a Jarrell-Ash double beam microphotometer51 
with spinning plates. The. electron wavelength was determined 
from the scattering pattern of gaseous benzene recorded 
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immediately before the sample exposures. The weighting 
points used in the setting up of the off-diagonal weight 
matrix employed in the least squares refinement program, 
together with correlation parameters and other experimental 
details, are shown in Table 6.1. 
All calculations were done on the Edinburgh Regional 
Computing Centre's ICL 2970 computer, using established 
data reduction26 and least squares refinement34 programs. 
The scattering factors of Schafer et al9 were used 
throughout. 
6.3 Calculated Amplitudes of Vibration and K Values 
These were obtained using our'program GTRIP, based 
on Schachtschneider's65 GMAT routines for generating 
inverse kinetic energy matrices (G) for a molecular 
system or for each symmetry block. A versatile routine 
FGRUM calculates eigenvalues and allows an initial trial 
potential energy matrix (F) to be modified interactively 
in one of three ways: 
(a) specified F elements may be assigned new values; 
(b) specified F elements may be included in a least- 
squares refinement based on the differences between 
observed and calculated frequencies and between 
observed and calculated isotope shifts; the required 
derivatives 2F2 are not calculated analytically but 
ij 
obtained numerically by altering Fib to F+ AF and 
rediagonalising to obtain eigenvalues A+tX; 
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(c) the entire F matrix may be altered in such a manner 
as to fit the observed frequencies for one isotopic 
species by the so-called "direct fit" procedures; 
this has the unfortunate property of leading to a 
solution with the same L vectors as the initial trial 
F matrix, so we have modified the procedure by 
eliminating any off-diagonal elements in the new F 
matrix below a specified threshold. The modified F 
matrix is then used as the starting point for a new 
"direct fit" plus elimination cycle, and the process 
continues until convergence on the observed frequencies 
is achieved. It is usually convenient to begin with 
a high threshold (1.0 or 0.5 mdyn/R) and to reduce it 
progressively if convergence is slow; in this way 
most of the changes are forced into the diagonal F 
elements, and only a limited number of non-zero off- 
diagonal elements remain in the final F matrix, which 
now has L vectors that may differ substantially from 
those of the original trial. 
The L vectors corresponding to the final F matrix, chosen 
to reproduce observed frequencies and isotope shifts (where 
available) are then used to generate the mean-square 
Cartesian displacements for specified pairs of atoms. 
These are summed over all symmetry species and finally 
converted into u and K values by coordinate rotations 
appropriate to the atom pair. The amplitudes are 
calculated for 0K and any specified higher temperature. 
GTRIP also includes facilities for calculation of Coriolis 
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coupling terms and centrifugal distortion constants for 
symmetric top molecules. 
6.4 Normal Coordinate Analysis 
The published values64 for the fundamental vibration 
frequencies of PF2NCSe were used in the normal coordinate 
analysis. Figure 20 shows the applied molecular model and 
definition of valence coordinates. The normal modes of 
vibration are distributed into the symmetry species of 
the Cs symmetry group according to r= 8a' + 4a". The 




S4(A') = 2-k(r1 + r2) 
S5 (A') = Ra 
S6(A') = (RD/2)/(ßl + ß2) 
S7 (A') = (DS)hr 
s8(A') = (ST)hý 
S1(A") = 2-k(r1 - r2) 
S2(A") = (RD/2)/(ßl - ß2) 
S3(A") = (ST)/e 
S4(A") = (RA T 
Here R, D, S and T designate the equilibrium distances of 
R15 = R16' R12' R23 and R34 respectively (cf Figure 641 
for the numbering of atoms). 
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An harmonic force field for PF2NCSe was developed 
which exactly fitted the observed vibrational frequencies. 
Table 6.2 shows the final results in terms of the symmetry 
F matrix. Table 6.3gives the potential energy distribution 
terms calculated from the developed force fields, together 
with approximate descriptions of the normal modes of 
vibration, although mixing is so pronounced in some cases 
as to make simple assignments inadequate. Table 6.4 shows 
the calculated mean amplitudes of vibration for the normal 
modes of PF2NCSe, at 0K and 298 K together with calculated 
K values at 298 K as used in the following ra structure 
determination. 
6.5 Refinement 
Molecular model - The molecule was assumed to have local Cs 
symmetry for the PF2N group with the geometry being defined 
by the P-F, P-N, N=C and C=Se distances, the angles FPF, 
FPN, PNC and NCSe, and a torsion angle. The last was 
defined to be zero when the FPF angle bisector was trans 
to the N=C bond. 
Initial refinements of the ra structure indicated 
that the NCSe angle could lie anywhere between 170 and 180°, 
and that it was strongly correlated with the PNC angle, 
which lay between 139 and 145°. This showed that there 
could be a large shrinkage arising from bending at nitrogen 
and carbon. The predominance of the P... Se peak in the 
radial distribution curve (Figure 6'. a would ensure that 
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this effect was pronounced. The geometrical parameters 
obtained during a final ra structure refinement are given 
in Table 6.5. It was subsequently decided to concentrate 
on refinements of the ra structure. This would also take 
account of the effects of the torsional vibration on any 
apparent distortion from Cs symmetry. 
Average structure parameters (ra) are related to 
those measured in the electron diffraction experiment (ra) 
by the expression given by equation 11, reproduced 
below 
2 
a (11) ra=r+r e- 
where u is the root mean square amplitude of vibration and 
K is the perpendicular amplitude correction coefficient. 
Thus, using ra instead of re in the second term, and 
calculated values for u and K, we have been able to refine the 
ra structure directly. 
The final ra parameters found for PF2NCSe, together 
with ra values for all distances from the same refinement 
are shown in Table 6.6. The P-N=C angle has widened from an 
ra value of 144°, obtained assuming a linear N=C=Se 
chain, to 149°. In the ra structure the symmetry now 
became exactly Cs with the N=C=Se chain exactly linear, 
and so only seven parameters were subsequently used to 
define the molecular geometry. 
In the final stages of the refinement, all independent 
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geometrical parameters and amplitudes of vibration, with 
the exceptions of u(P-N) (= 1.2 x u(C-Se)) and u(F... F) 
(= 1.0 x u(F... N)) were free to refine. 
Table 6,. _6 shows the final parameter set (ra) for 
PF2NCSe: the least squares correlation matrix is given in 
Table 6.7-, and the observed and difference molecular 
scattering curves are shown in Figure 6.: 3. 
6.6 Discussion 
In most structure determinations carried out on 
25,26,27,63 
compounds containing the PF2N group the P-F 
and P-N distances were . so close that refinement of all 
four parameters associated with these bonded distances was 
impossible, and u(p-F) and u(P-N) usually constrained 
to refine together. In the case of PF2NCSe, r(P-F) and 
r(P-N) are comparatively well resolved, whereas the peaks 
associated with r(C=Se) and r(P-N) are coincident, and 
the two amplitudes associated with these distances were 
refined as a single parameter. The correlation between 
r(P-N) and r(C=Se) is clearly shown in the least squares 
correlation matrix (Table 6'.. ý). The correlation' would have 
been more severe but for the fact that the sum of r(C=N) 
and r(C=Se) is well defined by the N... Se distance in the 
linear pseudohalide moiety. Thus r(C=Se) is equal to 
d(Se... N) - r(C=N). 
The angle found at nitrogen [149.0(15)°] is the 
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widest yet reported for two coordinate nitrogen bound to 
phosphorus 
66, but this value is not unexpected when compared 
67 
to those for PF2NCO, PF2NCS and (PF2N)2C. In fact, 
all ra structural parameters and ra distances yield values 
consistent with those found for the two comparable 
pseudohalides. Parameters for PF2NCSe, PF2NCS, PF2NCO 
and (PF2N)2C, together with those for SiH3NCSe68 are 
compared in Table 6.8. Most amplitudes of vibration were 
found to be within experimental error of those calculated 
in the normal coordinate analysis, despite the fact that 
this was undertaken prior to the gas phase structure 
investigation and utilised slightly different parameters. 
The final RG and RD factors were 0.10 and 0.08 
respectively. These are somewhat higher than usual for 
structures of small molecules undertaken at Edinburgh. 
This, can be attributed to the rapid decay with increasing 
angle in the short distance intensity data, arising from 
destructive interference caused by the superposition of 
scattering from many differing interatomic distances of 
comparable scattering power, a feature illustrated by the 
form of the radial distribution curve (Figure G a). 
However, the R factors compare well with those obtained 









































































oo 0- N "4 
00 00 LO 
0 Illt mm 
mot' N 
00 in N 00 
". i N 
112 




A' 1 5.72 
2 1.10 13.50 
3 -0.06 5.32 





A" 1 4.58 
2 0.64 







Table 6.3: Frequency assignment, potential energy distribution and 
approximate description of normal modes for PF2NCSe 
Fregyency Potential Energy Approximate 
Species (cm ) Distribution Description 
A' 1972 90s N=C stretch 
920 23t + 29d + 42r C=Se stretch 
851 26t + 72d + 49r P-F sym. stretch 
569 22t + 41d + 49ß P-N stretch 
429 80a NCSe bend 
396 21y + 66ý PF2 bend 
262 15t + 20d + 49ß PF2 deform. 
77 74d + 156y + 21w PNC bend 
All 851 95r P-F asym. stretch 
" 490 39ß + 526 NCSe bend 
347 54ß + 416 PF2 deform. 
54 91t torsion 
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Table 6.4: Calculated amplitudes of vibration at OK and 298K and K 
values at 298K 
u OK u 298K K 298K 
(Pm) (pm) (pm) 
P-F 4.10 4.18 1.78 
P-N 4.59 5.39 2.31 
N=C 3.67 3.69 1.18 
C=Se 3.83 3.98 2.06 
F... F 6.03 6.77 2.36 
F... N 6.15 7.42 3.72 
F... C 7.07 11.98 13.88 
F... Se 7.79 17.30 0.04 
P... C 5.14 6.80 0.62 
P... Se 5.60 10.73 0.14 
N... Se 3.91 '4.15 " 2.35 
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Table 6.5: Molecular parameters (r a) 
for PF2NCSe 
Independent distances/pm 
r (P-F) 154.9(3) a 
r (P-F) 169.2(18) a 
r (N-C) 122.4(8) 
a 








1. Figures in brackets are esds derived from the least squares 
analysis increased to allow for systematic errors. 
2. In this refinement a distortion from a linear arrangement " 
for the N=C=Se moiety, maintaining C symmetry for the 
molecule, was allowed. The minimum 
AG factor (0.9) was 
obtained when the bend at carbon was such that selenium 
lay cis to phosphorus. 
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Table 6.6: Molecular parameters for PF2NCSe 
Independent distances/pm 
r (P-F) 153.0(4) 
a 
(P-N) r 164.9(12) a 
r (N=C) 121.2(8) 








r /pm u/pm u/pm a 
r(p-F) 154.7(4) 4.7(11) 4.2 
r(P-N) 167.0(12) 3.6(17) 5.4 
r(C=N) 122.0(8) 5.9(12) 3.7 
r(C=Se) 170.0(10) 3.0(tied to u2) 4.0 
d(Se... N) 291.3(9) 6.7(17) 4.2 
d(Se... P) 438.7(8) 12.8(8) 10.7 
d(Se... F) 513.5(14) 21.4(13) 17.3 
d(C... P) 276.4(11) 5.5(23) 6.8 
d(C... F) 353.2(13) 17.3(23) 12.0 
d(N... F) 245.0(11) 7.2(21) 7.4 
d(F... F) 233.2(11) 7.2(tied to u10) 6.8 
Note: Figures in brackets are esds derived from the least square 
analysis increased to allow for systematic errors. 
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Figure 6.1 : The trans-PF2NC 
chain, symmetry 
indicates. ý is 
symmetry plane, 
r is a twisting 
torsions as 2-ý 
119 
Se model with linear NCSe 
Cs. Valence coordinates are 
a linear bending in the 
and e is perpendicular to it. 
coordinate generated by two 
(t3216 + T3215) ' 
120 
Figure 6.2: Observed and difference radial distribution 
curves, P(r)/r, for PF2NCSe. Before Fourier 
inversion the data were multiplied by 
s. exp[(-0.00002 s2)/(ZSe-fSe) (ZF-fF)I 
Pr (r) /r 
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Figure 6.3 : Observed and final weighted difference molecular 
scattering intensities for nozzle-to-plate 
distances of (a) 120 and (b) 205 mm 
(a) 
60 






PRINCIPLES OF LIQUID 
CRYSTAL NMR SPECTROSCOPY 
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7-. 1 Introduction 
In general nmr couplings comprise two components. 
The first of these is a scalar quantity resulting from a 
through-bond interaction between spinning nuclei referred 
to as the indirect or 'J' coupling. To a first approx- 
imation this is invariant with sample orientation with 
respect to an applied magnetic field. A second component, 
the direct or 'D' coupling, is a through-space interaction 
derived from the trace of a set of second rank tensors. 
Due to random molecular motion, in normal solution nmr 
experiments this usually averages to zero. In 
the solid phase, through-space coupling is observed. 
Although this phenomenon has long been understood, its 
usefulness as an analytical technique has been limited by 
intermolecular contributions hopelessly complicating the 
69 
spectra obtained. Other methods of orienting molecules 
with respect to an applied magnetic field have been tried 
with limited success70,71 but it was not until the use of 
compounds known as liquid crystals in the capacity of 
orienting solvents that direct couplings became readily 
2'ý3. 7 
measurable 
7.2 Liquid Crystals 
In 1888 a class of compounds now known to constitute 
5% of all naturally occurring organic substances was 
discovered, which showed two distinct phase transitions 
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between the isotropic liquid and solid phases74. 
Compounds exhibiting this "mesophase" were subsequently 
7 
designated liquid crystals 
5" 
In this liquid crystalline 
state a compound appears to be a viscous but turbid 
fluid. In general, molecules which show such mesophases 
are comparatively rigid, linear, and contain aromatic 
7 
rings6'ýý 
Intermolecular dispersion forces cause neighbouring 
molecules in a liquid crystal to align parallel to each 
7$' 
other 
79. If a magnetic field from an nmr spectrometer 
is applied to such a sample, this "short range" order can 
be extended over the entire bulk of the material, since 
the direction of smallest magnetic susceptibility 
(usually the longest molecular axis) will align parallel 
to the applied field. 
Liquid crystals sub-divide into three basic types 
corresponding to differences in molecule packing: smectic; 
nematic; and cholesteric80 (Figure 7:. 1) . Of these the 
nematic mesophase is the most widely used in lcnmr 
spectroscopy, being the most mobile, and therefore the least 
susceptible, of all phases to temperature, or concentration, 
gradients within a given sample. Nematic liquid crystal 
solvents are the only type considered hence, and were 
exclusively used in all lcnmr experiments. 
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Figure 7.3 Schematic representation of packing in liquid 
crystal types. 
(a) nematic 
(b) smectic a 
(c) smectic b 
--, -M -I'- 
. Uý1,1- - 
(d) cholesteric 
ýý " /iii /ýýýi 
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7.3 NMR of Solutes Dissolved in Nematic Mesophases 
Molecules dissolved in liquid crystals experience 
restricted molecular motion corresponding to partial 
orientation by the solvent. They are matriced in a mobile 
phase and nmr measurements are limited to intramolecular 
interactions. The observed couplings in a nematic 
mesophase, henceforward designated by A, comprise partly 
direct and partly indirect coupling. 0 is defined to a 
first approximation by Equations 24a and 24b. 
(24a) Aid = Jib + 2D i7 
(24b) Aii, = 3Dii, 
Equation 24b corresponds to the interaction between two 
magnetically equivalent nuclei, which has only a direct 
dipole-dipole component, giving rise to an extra 
coupling over those seen in isotropic spectra of the same 
species. The direct coupling Did is defined by Equation 25, 
hY1Y 3 cos2e1 1 




where eij is the angle between the applied magnetic field 
and the vector connecting atoms i and j, rij is the inter- 
atomic distance, y is the magnetogyric ratio, and the 
angle brackets denote averaging over vibrational and 
molecular motions. Equation 25 is in turn derived from 
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the nuclear spin Hamiltonian for solutes in orienting 






where Sij is the degree of orientation of the vector 
joining the atoms i and j: here vibrational averaging 
of rid has been neglected. Orientation has been described 
in terms of a 3x3 symmetric and traceless matrix by 
Saupest. The elements, corresponding to a molecular- 
fixed cartesian co-ordinate system of orthogonal x, y and 
z axes are given by Equation 27. 
c ýxx `xx Szx 
(27) S= Sxy Syy Szy 
c Sxz syz 
zz " 
The five independent elements of this ordering matrix are 
conveniently defined as Szz, Sxx-Syy, Sxy, Syz and Sxz. 
The elements of this matrix are calculated by expression 
28. 
(28) Spq = (2) <3 cosepcoseq - 6pq> 
p, q = x, y, z. 
where 6pq is the Kronecker delta (= 1 for p=q, otherwise 
= 0), and ex, ey and ez represent the angle made between 
the cartesian molecule-fixed axes x, y and z and the 
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magnetic field vector. Equation 28 defines the range of 
values available to S as -0.5 -1-1.0. The molecule-fixed 
axis system is most usefully chosen to coincide with the 
maximum number of high order symmetry axes within the 
molecule: under this condition the number of independent 
elements in the orientation matrix S may be reduced. 
Table Z. 1 gives the relationship between these and the 
symmetry of the spin system being observed82. (Note the 
molecule PF2C1 has Cs symmetry overall, but the spin 
system has the higher C2v symmetry). 
Once the molecule-fixed axis system has been 
established, it is possible to relate it to any other 
axis, for example the direction of an interatomic distance, 
by a coordinate transformation, given by Equation 29. 
(29) S(any 
axis) ' Sa 
I cos apacosaga Spq 
p, q 
Here aX aya and aZa 
and the molecule-fixe 
matrix is known, the 
axis can be derived. 
derived if enough Sa 
same range of values 
applied field vector 
are perpendicular. 
are the angles between the a axis 
ed axes x, y and z. Hence if the S 
degree of orientation of any other 
Conversely, the S matrix may be 
values are known. Sa can adopt the 
as Spq: if Sa =1 the a axis and 
are parallel; if Sa = -0.5 then they 
The liquid crystal nmr experiment may therefore yield 
information about the relative orientations of vectors 
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joining pairs of atoms, ht ence about bond angles and ratios 
of interatomic distances. 
The dipolar couplings measured are related to the 
five independent orientation parameters by an expansion of 
Equation 26 given below (Equation 30). 
Yiyjh 
(30) Did =23 
87r ri7 
[SZZ(3cos2eijZ-1) 





+ 2S (coseijX. coseljz) + 2Syz(coseiiy. coseijz) 
+ 2Sxy(coseijX. cosei7Y)] 
Here 0ijx, Aijy and sijz represent angles made between the 
vector joining atoms i and j and the fixed-molecular axis 
system. Equation 30 relates dipolar couplings to orienta- 
tion, and molecular geometrical, parameters. For an AB3 
molecule, with C3v symmetry the appropriate relationships 
simplify according to Equations 31a and 31b. 
(31a) DBB = r8B 




(31b) DAB = 
A_ [SzZ (3cos26 -1) ] 
r AB 
ABz 
and the ratio DAA : DAB given by Equation 31c. 
(31c) 
DBB =K 
BB. rAB sZZ" 
1 
Aß K AB BB 
3 
(1-3cos 2 8ABZ) 
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Since cose z can 
be replaced by (rAB2 
3rBB2)rAB, the 
above equation shows that the ratio of the two couplings 
observed can be directly used to calculate the ratio of 
the two interatomic distances rAB and rBB, and hence the 
value of the included angle <BAB, thus determining the 
shape, but not the size, of the molecule AB3. 
7.4 Compatability between Electron Diffraction and LCNMR 
In the most favourable cases, such as that outlined 
above, lcnmr experiments may solve fully the structural 
shape of a molecule, or part thereof. However, most 
molecules without high symmetry or small size do not meet 
the following requirement for a complete solution: 
(32) No. 'of observable couplings> no. of independent 
geometrical parameters 
plus no. of independent 
orientation parameters. 
Simple molecules without high symmetry would be unlikely 
to yield geometrical information by lcnmr techniques alone, 
even if all nuclei had spin /. This is illustrated by the 
molecule PF2HSe, discussed in Chapter 9. 
In order to relate lcnmr data to that derived from 
other sources it must be assumed that the structure is 
invariant between the molecular gas and liquid crystalline 
solvated state, or allowances must be made for reorientation 
and other distortions from the gas phase structure, induced by 
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the effect of the orienting medium on the solute. Rigid 
molecules are least likely to show different geometries 
for the two phases considered. In the cases of trifluoro- 
phosphine83 and phosphine84-$6favourable comparisons have 
been made between the gas phase and liquid-crystalline 
solvated state structures. However, phosphoryl fluoride, 
having only a single oxygen in addition to the atomic 
constituents of trifluorophosphine, shows a discrepancy 
between the lcnmr and electron diffraction results, 
attributed to reorientation distortion87'88. An elegant 
example of solvent-induced distortion is afforded by the 
observation of a small deuterium quadrupole splitting in 
the molecule C(CD3)489, indicating a loss of the tetra- 
hedral symmetry of the free molecule. Furthermore, 
" it has been noted that the geometry of a solvated species 
can alter with change in temperature90 or nature91 of 
solvent used. It is evident that consideration must always 
be given to solvent effects when solving structures in 
whole or in part by lcnmr techniques. 
Information can be obtained from the use of lcnmr 
methods, not only about bond angles but also, where 
appropriate, concerning internal motion in non-rigid 
molecules. Table 7.2 lists some lcnmr studies which have 
yielded geometries for molecules, or moieties of molecules, 




Table 7.1: Non-zero, independent elements of the ordering matrix Saß 
for groups of interacting nuclei according to point group 
symmetry 
Point Group Saß 
C1' ci Szz'(Sxx Syy), Sxy' Sxz' Syz 
C2' C2h' Cs SZ2, (SxX Syy), S, 
c2v' D2' D2h Szz' Sxx Syy 








C5' C5h' C5v Szz 
c 6' 
C6h' C6v Szz 
CoDh Szz 
D2d. Szz 
D3' D3d' D3h Szz 
D4' D4d' D 
4h Szz 
D5' D5d' D5h Szz 
D6' D6h Szz 
Dh Szz 
S4' S6 Szz 
Kh, O, Oh' T, Td all Saß zero 
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Table 7.2: Some examples of molecules whose molecular shape has been 
wholly or partly determined by lcnmr 
Point 
Group Molecule Formula Results Reference 
C3v trifluorophosphine PF3 <FPF 83,90 
C3v phosphoryl fluoride PF30 <FPF 87,88 
C3v phosphine PH3 <HPH 84,85,86 
C3v methyl fluoride 
13CH3F 
All distance 92a 
ratios 
C3 methyl halides 
13CH 
X X=C1, Br, I <HCH 92b v 3 
C3 acetonitrile 
13CH 13C=N 




D3h 2,4,6-trifluorobenzene All distance 92d 
ratios 
FF 
D2h tetrafluoroethylene All distance 92e 
FF ratios 




C3v cyanopropyne CH3C-C-C-N All distance 92g 
ratios (from 
13 C satellites 




7.5 Vibrational Averaging 
The effect of vibrational averaging on an inter- 
atomic distance has been discussed for electron diffraction 
in Chapter 1, where it was shown that the distance 
measured, ra, was equal to <rij-1>-1, where square brackets 
indicate time-averaging of the instantaneous distance 
between atoms i and j. Similarly by examining the form 
of Equation 26, modified to account for vibrational 
averaging according to Equation 33, 
hYiYj 




it can be seen that the distance being measured, defined 
_1 as rd39, is given by the expression rd =. <r ii 
-> 3. The 
two quantities ra and rd may then be related by using the 
general relationship 




(35) rd = ra + u2/'r e 
Here U. represents the mean amplitude of vibration of atoms 
i and j and re the interatomic equilibrium distance. 
Since the correction term u2/ re is small, re may be 
adequately replaced by ra. Thus, to a first approximation, 
only a very simple correction utilising easily accessible 
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parameters is required to ensure compatability between 
ra and rd. 
7.6 Combining LCNMR Data with those obtained from 
Gas Phase Techniques 
For most molecules studied by lcnmr no unique solution 
is possible for the structure, since the number of 
independent geometrical and orientation parameters usually 
exceeds the number of independent dipolar couplings 
observed. In these cases certain geometrical parameters 
may be assigned fixed, reasonable values until the 
relationship defined by Equation 32 holds. 
In some cases, where molecules with. low symmetry are 
studied, the orientation parameters alone may be investi- 
gated, by fixing structural parameters at reasonable 
values93a-e The assumed parameters may take values 
derived from an electron diffraction or microwave 
experiment. However in Chapter 2 it was described how 
data external to the electron diffraction experiment may 
be used to supplement electron diffraction data and so 
help to determine a molecular structure. Furthermore, it 
was possible to refine a structure, using electron 
diffraction least squares analysis programs, entirely on 
non -ed data. Liquid crystal nmr data are eminently 
suitable for this purpose, and we have already described 
how to calculate ra values from dipolar couplings. As 
previously described, these new data were added to the 
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electron diffraction data points. The weight matrix 
had to be extended diagonally to include weights for 
each new data point; i. e. dipolar coupling constant, 
and these were usually chosen to be inversely proportional 
to the squared uncertainty of the observation. From the 
limited experience gathered so far from combined electron 
diffraction/lcnmr refinements, it would appear that the 
well defined parameters in the electron diffraction 
structure determination remain essentially unchanged 
by the inclusion of new data, whereas parameters which were 
previously poorly determined, such as those involving 
hydrogen, become very much better determined. 
7.7 Complementation of LCNMR and Electron Diffraction Data 
Frequently, when two interatomic distances have 
values less than ca. 5-10 pm apart, they may not be 
independently resolved in the electron diffraction 
structure determination 
l3,23-27,94a-c, 
and only the mean 
of the two (or more) distances may be accurately known. 
Since that which is unknown constitutes a ratio of 
distances, lcnmr may provide exactly the information 
required to remove correlations between interatomic 
distances with similar values. 
Secondly, parameters involving hydrogen are difficult 
to ascertain accurately from electron diffraction 
experiments, particularly in the presence of heavy 
atoms 
13,25-27,39,95a, b, due to the weak scattering power 
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of the proton, and H... H interatomic distances are 
almost never seen in radial distribution plots, except 
for very small and light molecules 
96a-f. Once again, 
lcnmr may provide the answer, since protons with 100% 
abundance spin / give rise to excellent nmr signals. 
By choosing to undertake combined ed/lcnmr refine- 
ments we hoped in the case of PF2HSe to look for the 
previously poorly determined location of the hydrogen 
atom. In the case of PF2NH2 we hoped to resolve the 
distances P-N and P-F, which show strong correlation in 
the ed experiment. 
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CHAPTER 8 
LIQUID CRYSTAL NMR EXPERIMENTAL 
PROCEDURES 
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8.1 LCNMR Experimental 
Many examples of liquid crystals have been used as 
orienting solvents for the purposes of obtaining nmr 
spectra of solutes (Table 8_. J) , but most of these are 
fairly reactive, many containing the N=N functional group. 
While these are suitable to act as solvents for most 
organic molecules, the difficulties in obtaining spectra 
for such species as trifluorophosphine83 and other 
fluorophosphine compounds 
84-88 in these solvents have been 
documented. 
Initially, trials were carried out dissolving 
trifluorophosphine in a variety of liquid crystal 
solvents, mostly originally intended for use in liquid 
crystal displays such as those used in digital watches. 
10% molar solutionsof PF3 were prepared in each case using 
previously degassed solvents in sealed 5 mm glass nmr 
tubes. In all cases decomposition of the solute was rapid 
at the nematic temperature; as a consequence of this in 




nmr spectra were obtained. 
Figure 8.1 shows the result of a successful attempt to 
obtain a 
31P 
spectrum of PF3 in the nematic phase of MBBA. 
Fortunately, in response to a request to British Drug 
Houses, samples were obtained of a range of liquid 





n=2 or 3 
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Table 8.1: Some nematic solvents tried 
Approx 
Type Formula Nematic 
Range (i; ) 
British Drug Houses El R-(O) 
nC-N; 
n =2 or 3 271-311 
British Drug Houses E8 R-(0)-nC=N; n =2 or 3 261-344 
Schiffs base MEBA CH 0 Cý 294-319 3 ýN C4H9 




Various Kodak Nematic 
Mixtures not known ca. 273-373 
Note: The nematic range of solvents is depressed by addition of solute: 
hence t8 with 10% solute added exhibits a range of ca. 250 to 320 N. 
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Figure 8.1: 
31P Spectrum of PF3 dissolved in MBBA 
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These are mixtures of 4-alkyl or alkoxy-4-cyano bi- or 
terphenyls. 
The samples, code-named "El" and "E8" by British 
Drug Houses, proved especially suitable, being unreactive 
to all unstable volatile species subsequently dissolved 
therein including SiH3F, SiH3C=N, PF3, PF2(NH2), Se(PF2)21 
PF2HSe and SiF3H. Furthermore, the compound E8, with 
ca. 10% molar solute added, had an unusually wide and low 
temperature range for its nematic phase, between 235 and 
325 K, and also gave higher orientation parameters than 
other solvents tried. 
In all subsequent work nmr samples were prepared in 
the following way. Molar concentrations of >20% reduce 
the isolation between solute molecules to give significant 
line broadening in the lcnmr spectrum, whereas low 
concentration solutions give sharp splittings but with 
reduced signal-to-noise ratio97. As a compromise, the 
molar concentrations used were chosen to be ca. 10%. 
These gave spectra with both good signal-to-noise ratios 
and line definitions, provided various physical parameters 
such as temperature stability and homogeneity of sample 
and field were given due consideration. Usually 0.2 m Mol 
of solute was added to ca. 0.3 ml of a previously degassed 
sample of E8, thus giving the minimum required depth of 
sample in a5 mm nmr tube to match the probe of a Varian 
Associates XL100 MHz spectrometer, on which most spectra 
were recorded. Keeping the volume of sample small 
ensured a minimum temperature gradient throughout the 
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sample; essential if sharp couplings were to be observed 
in the nematic phase, since both chemical shift and 
dipolar couplings vary with the degree of orientation of 
/ 
the solute molecule, which is itself dependent on 
temperature. Figures 8.2a and 8.2b show how the A coupling 
constants and chemical shifts change with temperature for 
the molecules PF2HSe and PF2(15NH2) in the nematic phase 
of E8. 
Since chemical shifts and coupling constants vary 
with temperature, it is important that the temperature 
during the acquisition of data in a fast Fourier-transform 
nmr experiment be held constant, and this was best 
achieved on the XL100 by allowing thermal equilibrium to 
be attained. This was considered to have occurred when 
two successive spectra gave the same line positions. The 
variable temperature control on the spectrometer utilises 
the technique of warming pre-cooled air to the required 
temperature. Normally liquid nitrogen is used as a coolant, 
but better stability was obtained using a solid C02 
methanol slush bath, since this reduced the extent of 
heating required with a subsequent improvement in stability. 
This modification had not been implemented when the spectra 
used to derive Figure 8.1 were recorded. Definitive 
spectra used in the structure analysis of all compounds 
did benefit from this improved thermal stability. A 
digital thermometer was used to monitor the temperature 
in the probe of the spectrometer, calibrated against the 
standard methanol thermometer. With care temperatures 
98 
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Figure 8.2: Variation of 0 and chemical shift with tempera- 
ture for solutes dissolved in ligyýd crystal Eß. 
Plots were drawn from successive F spectra of 
each solution recorded at different temperatures, 
including some above nematic range of the solutions 
(a) SePF H- selenium satellites not included. 
















Note: broken lines indicate chemical shift. 
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were reproducible within + 0.5° using the digital 
thermometer. 
In the Varian Associates XL100 MHz spectrometer, 
which has a conventional electromagnet, the sample 
remained stationary throughout data collection. When 
recording spectra on a Bruker WH360 MHz spectrometer with 
a superconducting magnet, the perpendicular applied field 
allowed the sample tube to be spun, since sample alignment 
remained parallel to the tube. However, on this machine, 
temperature control proved to be inferior to that found on 
the XL100, and on balance the latter yielded better 
spectra in lcnmr experiments. 
Unlike the Bruker WH360 spectrometer, whose magnetic 
field is inherently stable, the XL100 requires to lock on 
to a nucleus to ensure that the field cannot drift. 
Usually an internal reference compound, such as a 
deuterated solvent, is used for this purpose. In nematic 
solvents, however, the lock would align and show direct 
couplings; therefore this method could not be used. In 
some cases, glass capillaries containing solvents have 
been inserted, into nmr tubes containing nematic 
solutions 
83, for the purpose of providing an internal lock, 
but this must increase inhomogeneity in both the sample 
temperature and the applied field. The Varian Associates 
machine is equipped with proton and fluorine external 
locks, and these were used throughout. As a consequence, 
decoupling experiments involving the observation of one 
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of these nuclei while irradiating the other were ruled out. 
Since, in order to determine all o couplings within 
most molecules more than one nucleus needed to be 
observed, the temperature had to be exactly reproducible. 
This was done by adjusting the temperature of the sample 
until values for AMX obtained by observing the M and X 
spectra were equal. 
8.2 Obtaining Values for Direct Coupling Constants 
In order to derive direct coupling constants from 
splittings, it was necessary to observe nuclei in 
isotropic as well as anisotropic media. Where possible, 
this was accomplished by looking at nmr spectra at two 
temperatures above the nematic phase of the solvent used; 
otherwise values had to be taken from those found in other 
isotropic solvents. 
Whenever there are several different similar multiple 
splittings within a spectrum, it may be difficult to assign 
couplings, since d values may be grossly different from 
well-known J values, although in the cases of enriched or 
<100% abundance samples, identification is facilitated by 
observing the lines due to unenriched sample in the first 
case, and by the known intensity ratios of the satellites 
to the central peaks in the latter. If aA splitting is 
seen to diminish with a reduction in temperature, this must 
correspond to a coupling with both J and D components, of 
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opposite sign, and furthermore the relationship 12DI<IJ1 
must hold, since it is known that IDI must increase with 
decreasing temperature. Identification of couplings in some 
cases may be possible by observing several nuclei and 
comparing splittings. In the last resort, however, 
double resonance experiments can resolve the assignments 
of A couplings to observed splittings. 
8.3 Weights and Errors for Direct Couplings 
Once a self-consistent set of direct coupling constants 
has been assembled, each is given an estimated standard 
deviation. These correspond partly to the uncertainty in 
measuring line positions. Their error is minimised by 
taking previously described precautions to ensure maximum 
thermal equilibrium of the sample and homogeneity of the 
applied field, and minimum temperature gradient within 
the sample. However, two other major sources of error 
may occur, and allowance for these must also be made in 
calculating the esd for a dipolar coupling. 
The first of these arises when, due to thermal 
instability, spectra of a sample may be unobtainable in 
the temperature at which the nematic solvent used becomes 
anisotropic, in which case values from. other isotropic 
solutions must be used, which may differ by up to a few Hz 
from the true values. A similar compromise must be made 
in the case of some proton spectra, since isotropic 
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solutions of liquid crystals give strong and complex 
spectra which may mask the solute peaks. 
The second major source of error is impossible to 
allow for since it involves an unmeasurable parameter, 
the anisotropic contribution to J in the nematic phase. 
Any anisotropy in J will affect the value of the measured 
direct coupling, and the only way in which a value for 
Janiso can be estimated is to constrain the value of an 
errant dipolar coupling to conform to a known geometrical 
structure; the error between the observed and calculated 
D coupling may then be attributed to an anisotropic 
component of the indirect J coupling. This approach is 
far from satisfactory, since differences between D 
observed and D calculated on the basis of a known 
- molecular structure may also indicate a distortion in the 
molecular geometry imposed by the orienting medium. 
Lcnmr experiments yielding satisfactory geometrical 
parameters show that, at least in these cases, any anisotropy 
in J must be negligible. In general, couplings involving 
light atoms only would not be expected to show significant 
anisotropic indirect coupling, as in the examples given 
in references 83-86 and 92. This observation is supported 
by theoretical considerations. Direct couplings derived 
for heavier elements coupling to hydrogen or other heavier 
elements must be treated even more cautiously; for 
example significant Janiso components have been frequently 
found, or suspected,. to contribute to measured 
2DFF 
values 
87,88,100 13' 13 
while the C-H and C-F indirect 
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couplings in enriched methyl fluoride have been reported 
to have a large anisotropic component, although the 
errors in the measurements in this case are high101, and 
the claimed large anisotropy in the indirect coupling 
102 has been shown to have no theoretical foundation. 
8.4 The Equivalence of Molecular Structures in the Gas 
Phase and Nematic Solution 
In order to investigate the equivalence of structures 
determined in molecules dispersed in gas or nematic solvent 
media, attempts were made to acquire lcnmr data for several 
small molecules, including PF3 and SiH3F. Other molecules 
currently being studied include SiF3H SiH3C=N, SiH3C=CH, 
and other simple silyl compounds. Trifluorophosphine 
showed good agreement between lcnmr, microwave 
103, 
and 
electron diffraction data104, both from our own 
measurements at two temperatures and from previously 
published measurements83. Silyl fluoride proved to be 
too insoluble for any recognisable spectra to be recorded. 
The results of the studies undertaken on the structure 
of PF3 are documented in Table 8.2. 
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Table 8.2 
a) Couplings measured for PF3 in various nematogens and at various 
temperatures. a 
Solvent Temperature (K) JPF 
b 
APF DPF AFF DFF 
(i) E8 283 1400 1520.9 60.45 567.2 189.05 
(ii) E8 253 1400 1535.6 67.8 665.6 221.85 
(iii) El 301 1400 1493.2 46.6 427.4 142.45 
(iv) MBBAC 301 1400 1440 20 122 40.65 
Notes: a) all couplings are given in Hertz; b) taken from measurements 
of isotropic solutions of El and MBBA; c) results derived 
from very poor quality spectra. 
b) Structural parameter <FPF calculated for PF3 by various 
methods. 
Source Method <FPF (degrees) 
This work (i) lcnmr 96.45d(20)e 
This work (ii) lcnmr 96.20d(20)e 
This work (iii) lcnmr 96.55d(25)e 
This work (iv) lcnmr 99d(3)f 
Ref. 83 lcnmr 97.8 
Ref. 103 microwave 96.9(7) 
Ref. 104 ed 97.8(2) 





YP - DFF rFF 
e) Derived from an nmr spectral line width of 0.25 Hz; 
f) Derived from an nnr spectral line width of 1 Hz. 
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CHAPTER 9 
THE MOLECULAR STRUCTURE OF DIFLUORO- 
PHOSPHINE SELENIDE, DETERMINED USING 
A COMBINATION OF GAS ELECTRON 
DIFFRACTION AND LIQUID CRYSTAL NMR DATA 
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9.1 Introduction 
Although the molecule PF2HSe is a simple one, its 
structure determination by electron diffraction only is 
complicated by the fact that scattering from bonded and 
non-bonded distances associated with the proton is not 
only of relatively low intensity, but also that the 
distances approximately coincide with other much more 
intense peaks in the radial distribution curve, shown in 
Figure 9.1. Thus the structure is only incompletely 
determined, an occurrence also frequently found in 
both microwave spectroscopy, where only a limited number 
of rotational constants may be measured, and in nmr 
studies of solutes dissolved in liquid crystals, where 
only a few examples of molecular shape being entirely 
determined are known. Unless certain assumptions are 
made about structures thus studied,. it is necessary to 
include data from more than one source, a more acceptable 
means of completely determining a structure. There have 
been successful structure determinations carried out using 
a combination of rotational constant and electron 
diffraction data105, while rotational constants have been 
used to provide overall scaling factors in liquid crystal 
nmr studies'S6. The determination of the molecular 
structure of difluorophosphine selenide represents the 
first attempt to marry electron diffraction data with 
-hose obtained from lcnmr experiments. 
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9.2 Experimental 
A sample of PF2HSe was prepared by the reaction 
between hydrogen selenide and PF2Br in the presence of 
mercury, under reduced pressure, by vigorously shaking a 
glass bulb containing the reagents for a prolonged 
period until ca. 50% conversion to product had been 
107 
attained. 
aPBrF2 + H2SeH> PF2HSe + [HBr] 
The product was purified by fractional condensation in 
vacuo and its purity monitored by infrared spectroscopy. 
a. Electron diffraction: Electron diffraction intensities 
were recorded photographically on Kodak Electron Image 
plates using the Cornell/Edinburgh diffraction apparatus26,30 
operating at 42 kV. The sample was maintained at 250 K 
and the nozzle and room temperature (293 K) during 
exposures. Data were collected using two camera distances, 
128 mm (3 plates) and 287 mm(3 plates), and were converted 
to digital form using a Jarrell-Ash double-beam micro- 
photometer51 with spinning plates. The electron wavelength, 
5.822 + 0.003 pm, was determined from the diffraction 
pattern of gaseous benzene. 
b. Liquid crystal nmr: In this work, samples were prepared 
containing 0.2 mMol of PF2HSe in ca. 0.3 ml of 'ES' in 5 mm 
tubes, and these solutions had a nematic phase between 
235 and 325 K. 
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All nmr experiments were carried out using a Varian 
Associates XL100 spectrometer in the pulsed Fourier 
transform mode. Double resonance experiments were carried 
out using the instrument's built-in decoupler. Temperature 
control was maintained by using the Varian machine's 
temperature system in the usual way, but with the liquid 
nitrogen cooling reservoir replaced by one containing an 
acetone/CO2 mixture, the benefits of which have been 
previously outlined. 
Values of indirect coupling constants were measured 
in the isotropic phase at 333 K. In order to check on any 
temperature variation of the indirect couplings, attempts 
were made to record spectra at 353 K, but the solute was 
thermally unstable, and only poor quality 
19F 
spectra 
could be obtained. However, the PF and FH couplings showed 
no temperature variation, and the couplings observed at 
333 K have been used in derivation of all dipolar 
couplings. 
The relative signs of the couplings observed in 
spectra of the nematic phase were determined by double 
resonance experiments. The spectra thus obtained are 
illustrated by Figures . 9.2-s and the . results 
listed in 
Table 9.1. As J(PF) is known to be large and negative in 
all fluorophosphines, it was assumed that JPF + 2DPF was 
negative, and other signs were related to this. The 
signs of indirect couplings were taken from reference 1013. 
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c. Refinement of electron diffraction structure: Calculations 
were performed on ICL 2970 and 2980 computers, using an 
established data reduction programme26, and the complex 
scattering factors of Schafer et a19. In all structural 
refinements it was assumed that the PF2HSe molecule had 
Cs symmetry. The geometry was then defined by six 
parameters, chosen to be the P-Se, P-F and P-H bonded 
distances, and the angles <SePF, <PFP and <SePH. The 
values of the weighting functions used, correlation 
parameters and scale factors, are given in Table 9.2. " 
d. Combined electron diffraction/nmr analysis: For the 
combined structural analysis the modified least squares 
refinement programme34 was used, so that any experimental 
data relating to geometrical parameters or amplitudes of 
vibration could be included. For each problem studied a 
specific routine must be provided, so that theoretical 
values equivalent to the experimental data may be 
calculated. The derivatives of these with respect to 
the refining parameters are then evaluated numerically. 
In the case of liquid crystal nmr, the addition data are 
dipolar couplings, which may be calculated using 
Equation 30. 
-Yiy .h2 (30) Did = 2-53 (SZZ (3 cos eijZ-l) + (Sxx-Syy) 
87r ri] 
(cost eifix-cost 6 ijy) 
+ 2SXZ(cos eijX. cos eijz) + 2Syz(Cos 6ijy. cos ijz) 
+ 2SXy(Cos eijX. cos 0 ijy) ] 
156 
Dij is the dipolar coupling between atoms i and j, with 
magnetogyric ratios yi and yj and separation rij: the 
angles of the i-j vector with respect to the molecular 
axes are eifix, 6ijy and eijZ, and the orientation 
parameters are SZZ, Sxx-Syy, Sxz, Syz and Sxy. In the 
present case the x axis was defined as parallel to the 
Se-P bond, and the z axis was perpendicular to the plane 
of symmetry. Thus SXz and Syz are zero, and the other 
three orientation parameters were included in the list 
of refineable parameters. When dipolar couplings recorded 
at two temperatures were used, three more orientation 
parameters were included, and the number of additional 
observations was doubled. For the additional observations, 
the weight matrix was extended with diagonal terms only, 
chosen so that weights were inversely proportional to the 
squared uncertainty of the observation and scaled to the 
standard deviation of the fit of the electron diffraction 
data points. 
Vibrational averaging: As molecules at about ambient 
temperature are involved in vibrational motions with 
periods (10-12 to 10-14 s) much shorter than the nmr time 
scale (ti10 s) 
1, it is necessary to average all the 
quantities in Equation 30 over vibrational motions. 
Provided the molecularreorientation rate in the solution is 
slow compared to the vibration rate, the two motions are 
uncorrelated, and the distance determined in the 
experiment is simply <ri-j-3>-1/3, or rd. A correction 
is- applied to this distance to equate it to that measured 
15/ 
in the electron diffraction experiment, according to 
Equation 36, derived from Equation 35 by substituting ra 
for re in the smaller term. 
2 
(36) rd = ra +u/ ra 
The derivation of the above equation is given in Chapter 
7. All refinements were carried out on an ra structure. 
9.3 Results and Discussion 
a. Nmr spectra: Two self-consistent sets of nmr data were 




spectra recorded at 253 and 293 K. The splittings 
observed in the first order spectra and indirect 
couplings measured from spectra of isotropic solutions 
were used to calculate the direct couplings using Equations 
24a and 24b. 
(24a) oil = Jib + 2Di7 
(24b) eii, = 3D ii, 
Details of the spectra recorded for each nucleus at each 
temperature are given in Table 9. l, together with those 
parameters obtained in the isotropic temperature range of 
the solvent used. Values for A, J and D obtained for 
each nucleus are given in'Table 9.3. 
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b. Refinement of structure using only electron diffraction 
data: Using only electron diffraction data, it was a 
straightforward matter to refine the four geometrical 
parameters defining the heavy-atom structure, and four 
associated amplitudes of vibration, as there are four 
distinct peaks in the radial distribution curve (Figure 9.1). 
However, the parameters involving the hydrogen atom 
would refine only with an unreasonably large esd, as shown 
in the final refinement, the results of which are listed 
as refinement A in Table 9.: 4. The final R factors were 
0.10 (RG) and 0.09 (RD): the least squares correlation 
matrix is given in Table9.5a and the molecular scattering 
intensity data are shown in Figure 9.7. 
C. Combined structure analysis: The liquid crystal nnr data 
provided seven additional observations at each temperature, 
and three parameters were required to define the molecular 
orientation at each temperature. It was soon apparent 
that the two sets of dipolar couplings gave essentially 
identical results, and in subsequent work all the couplings 
were considered simultaneously. Thus it is clear that 
there can be no significant change in structure with 
temperature over the range studied. The coupling constants 
were given weights dependent on their uncertainties 
(standard deviations of the measurements), with two 
exceptions. It proved to be impossible to obtain a value 
for J(SeH) in isotropic solution, as the compound was too 
unstable at 333 K for a long run, necessary to observe a 
77 
Se spectrum, and the weak selenium satellites could not 
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be detected in a 
1H 
spectrum which was dominated by solvent 
resonances. It was therefore necessary to use a value 
measured for a solution in cyclohexane 
108. 
and the 
uncertainty in D(SeH) was arbitrarily assumed to be 2 Hz. 
Secondly, it was found consistently that calculations 
did not reproduce the PSe coupling, the errors being 40- 
60 Hz. This was not entirely unexpected, as it is well 
known that for heavier elements there may be a sizeable 
anisotropic component of the indirect coupling 
8, 
and 
there is no way that this can be estimated. A large 
anisotropy arising from the non-spherical nature of the 
indirect coupling tensor for 
1J(31P77Se) has previously 
been postulated to account far the unreasonably long 
(227 pm) P=Se bond length calculated from lcnmr measure- 
ments undertaken on the molecule. Me3PSel09 
The phosphorus-selenium direct couplings found for SePF2H 
were therefore assigned a high uncertainty of 10 Hz in 
the refinements, which then converged to give the results 
listed as refinement B in Table 9 4. The observed and 
calculated dipolar couplings and their uncertainties are 
listed in Table 9.1. The least squares correlation matrix 
for refinement B is given in Table 95h. It should be 
noticed that the inclusion of the nmr data has greatly 
increased the correlations between geometrical parameters, 
and there are strong correlations between geometrical and 
orientation parameters, but amplitudes of vibration have 
not become correlated with other parameters. 
The improvement in the precision of the geometrical 
160 
parameters involving hydrogen in refinement B is most 
striking, especially since the erroneous value and huge 
esd obtained from electron diffraction only showed that the 
single technique effectively could not locate the 
hydrogen atom. Furthermore, the other geometrical 
parameters, well determined by electron diffraction, are 
unperturbed by the inclusion of lcnmr data, indicating 
that the structures observed are essentially the same in 
both the gas and nematic solution. The amplitudes of 
vibration similarly remain unaffected by the inclusion of 
liquid crystal data. 
The geometrical parameters are 
unremarkable. The structure of the 




PF2 unit is very similar 
ide110 and 
The P= Se distance, 
202.6(4) pm, is 'substantially shorter than those in- 
trialkyl- or aryl-phosphine selenides, which typically 
have bond lengths between 209 and 212 pm112-114; such 
shortening is commonly found when the phosphine has 
electronegative substituents. The P-H bond distance is 
slightly greater than that found by microwave spectroscopy 
for PF2HS [139.2(5) pm]l10, but the SePh angle (118.6°) 
is very close to the SPH angle (119.2°) in PF2HS. Figure 
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Table 9.4: Molecular parametersa for PF2HSe 
Refinement A (ed-only) 
Distance/pm Amplitude/pm 
Refinement B(ed + nmr) 
Distance/pm Amplitude/pm 
r1P=Se 202'. 3(3) 4.9(5) 202.6(4) 4.8(6) 
r2P-F 155.8(2) 4.8(5) 155.7(3) 4.7(6) 
r3P-H 142.3(39) 8.5(fixed) 142.2(7) 8.5(fixed) 
r4Se... F 306.6(7) 8.3(6) 306.1(6) 8.4(7) 
r5F... F 234.6(8) 4.1(15) 235.2(10) 4.8(16) 
r6Se... H 313.1(110) 12.0(fixed) 298.0(8) 12.0(fixed) 
r F... H 218.3(75) 13.0(fixed) 231.2(10) 13.0(fixed 7 
Angle( °) Angle (0) 
<1 SePF 117.2(4) 116.8(3) 
<2 FPF 97.7(5) 98.1(7) 
<3 SePH 129.8(75) 118.6(7) 
Orientation parameter 




s3SxY (253K) 0.0675(30) 
s4Szz (293K) -0.0318(3) 
s5SXx SYY (293K) 0.1612(17) 
s6Sxy (293K) 0.0581(21) 
a All distances are ra. Quoted errors are estimated standard deviations 
determined in the least squares analyses, increased to allow for 
systematic errors. 
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Figure 9.1 : Radial distribution curve, P(r)/r. Before 
Fourier inversion the 
by s. exp 
[(-0.00002s2) 
(r) /r 
data were multiplied 
(ZSe-fSe) (ZF-fF)I . 




Figure 9.3: H- {P} double resonance experiment 
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Figure 9.6: Representations (not necessarily to scale) of (a) 
77Se 
and (b) 
31P lcnmr spectra of PF2HSe. Peaks 
irradiated in any of the four preceding double- 
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Figure 9.7 : Observed and final weighted difference molecular 
intensities for nozzle-to-plate distances of 
(a) 128 and (b) 287 mm 
(a) 
50 
-1 s nm 
(b) 
0 
-1 S. nm 
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Figure 9.8 : The molecular structure of SePF2H 
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CHAPTER 10 
THE MOLECULAR STRUCTURE OF AMINO- 
DIFLUOROPHOSPHINE DETERMINED BY 
USING A COMBINATION OF GAS PHASE 
ELECTRON DIFFRACTION AND LIQUID 




The molecule (PF2)NH2 has been studied in the gas 
phase by both electron diffraction13 and microwave28 
techniques. The wide discrepancy concerning the degree of 
planarity at nitrogen in this compound, ---manifesting 
itself in the calculation of included angles at nitrogen 
of 346(6)° and 360(1)° from the former and latter 
determinations respectively, has resulted in much 
discussion among structural chemists concerning the 
barriers to inversion of the PNH2 moiety, and to rotation 
about the P-N bond. Calculations estimating that the 
barriers may be as low as or lower than ca 0.4 Kcal'mol-1 
in either case 
115/116 lend weight to the prevailing 
view that the PNH2 skeleton is essentially planar but 
floppy. Thus the discrepancy between the ed and 
microwave structures may be accounted for, since the 
apparent ease of motion of the amino protons would give 
rise to a substantial shrinkage effect (see Figure 1 . 2) 
in the ed experiment, which looks at the average position 
of atoms, whereas since microwave spectroscopy examines 
mean structures a planar grouping of bonds to nitrogen 
would be observed. However, further controversy on the 
gas phase structure of (PF2)NH2 is bound to be raised by 
a recent X-ray structure determination of the molecule 
undertaken in Edinburgh1' Among other interesting 
results to be discussed later it was found that bonds to 
nitrogen in the crystalline phase were not coplanar, and 
0 that the included angles at nitrogen summated to 349(5) 
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Here intermolecular H... F attractive interactions have 
been invoked to account for the amino protons lying out 
of the plane including P, N and the <FPF bisector, 
although it could easily be postulated that the solid 
phase has trapped out an average geometry for a mobile -NH2 
moiety undergoing a wide amplitude vibration out of this 
plane. 
A. difficulty arose in the acceptance of existing 
electron diffraction data in that parameters involving 
hydrogen were determined with extremely low precision. 
In the electron diffraction experiment, as was outlined 
in the introductory chapters to this thesis, the intensity 
of a distance peak in the radial distribution curve 
varies as a function of the product of the atomic weights 
of the atom pair considered. For aminodifluorophosphine 
the peaks corresponding to d(H... H) and d(F... H) have 
intensities of <0.4% and <2% respectively of that for the 
main r(P-F) peak. The problem is compounded by close 
overlap of three of the four d(F... H) distances, and also 
because the high -vibrational amplitude values associated 
with non-bonded distances to hydrogen atoms tend to lower 
peak heights. 
A new electron diffraction study of the molecule 
(PF2)NH2 has therefore been undertaken for two major 
reasons. Firstly, since methods of ed data collection and 
analysis have improved somewhat since the original 
investigation, it was hoped to obtain more accurate values 
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for all parameters than had been possible previously. 
Secondly, it was hoped to combine ed data with that 
from lcnmr studies of the same molecule dissolved in a 
suitable orienting solvent, in order to see if the 
additional information thus obtained would help to reduce 
esds for refining parameters. 
10.2 Experimental: ED 
A sample of (PF2)NH2 was prepared by the gas phase 
reaction of difluorophosphine bromide with ammonia at room 
temperature118. (PF2)NH2 is itself a common starting 
material for a variety of preparative chemistry under- 
taken at Edinburgh, and is readily prepared in yields 
approaching 100% by the simple reaction, 
F2PBr(g) + 2NH3(g) - 
[NH4j 
Br (s) + (PF2)NH2(g) 
The product was purified by repeated fractional 
condensation, and as usual had its purity checked by it 
spectroscopy both before and after the collection of gas 
phase structural data. 
Electron scattering intensities were recorded 
photographically using the Cornell/Edinburgh University 
diffraction apparatus in the usual mode30. An accelerat- 
ing potential of 45.1 kV was used to obtain data at 
nozzle-to-plate distances of 128 and 285 mm with the bulk 
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sample held at 273 K. Pressure during an exposure was 
recorded at ca 5x10 
6 
torr while that for background 
was measured to be 3x10 
7 
torr. The electron wavelength 
used was derived from the scattering pattern of benzene, 
recorded immediately before experimental data' collection 
at each distance. Photographic intensities were digitised 
and data were reduced in the usual manner26,34. Table 10.1 
shows the weighting points used in setting up the off- 
diagonal weight matrix, together with other experimental 
details. As usual, the complex scattering factors of 
Schafer et al were used in all theoretical molecular 
scattering computations9. Observed and difference 
scattering intensities are given in Figure 10.1. 
10.3 Experimental: LCNMR 
Solutions of 0.2 mmol of (PF2)NH2 in ca 3 nmol 
of a suitable orienting solvent were prepared in 5 mm 
nmr tubes. British Drug Houses liquid crystal E8 is 
now almost exclusively used as the orienting medium in 
lcnmr experiments at Edinburgh, for reasons outlined in 
Chapter 8, and was employed in this case. 
All data collection was carried out on a Varian 
Associates XL100 spectrometer in the pulsed Fourier 
transform mode, with stationary sample tube. Temperature 
stabilisation was as usual enhanced by replacing the 
normal liquid notrogen cooling reservoir with one comprising 
an acetone/CO2 mixture. As before the variation of dipolar 
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couplings with temperature was used to ensure that a self- 
consistent set of couplings was recorded for all observed 
nuclei, by adjusting operating conditions until AMX was 
seen to be identical in both M and X spectra. By 
subtracting isotropic nmr data, recorded above the 
nematic temperature of the solution and extrapolated to 
each of the two nematic temperatures studied, it was 
possible to obtain two sets of o couplings, defined by 
equation 24, 
(24a) oil = Jib + 2D i] 
(24b) Aii = 3Dii 
at both 253 and 293 K. The relative signs of couplings 
observed in the nematic phase were elicited from a series 
of double resonance experiments.. The spectra thus obtained 
are illustrated by Figures lO. 2-5; the results are listed in 
Table 10.2. As J(PF) is known to be large and negative 
on all fluorophosphines ApF JPF + 2DPF was assumed to 
be negative; other signs were then related to this. 
The signs of indirect couplings were taken from 
reference 119. 
10.4 Refinement of Structure 
(a) Using ed data only: a number of mathematical structural 
formulations were used to calculate theoretical intensity 
data in an attempt to duplicate that found by experiment. 
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The models used differed in permitted freedom of movement 
of the imino protons. Neither wag of the -NH2 group, 
maintaining Cs symmetry for the PNH2 moeity, nor a 
torsion of a planar -NH2 group, yielded a satisfactory 
fit of observed to theoretical data. A reasonable 
correspondence between calculated and experimental 
scattering intensities was finally afforded by the adoption 
of a model in which either hydrogen atom was allowed to 
move independently out of the plane prescribed by P,, N, 
and the bisector of <FPF. Two different PNH angles were 
allowed, but in the absence of lcnmr data, r(N-H); and 
r(N-H'), arranged cis and trans respectively to the 
bisector of <FPF, were constrained to be equal. The 
molecule could then be completely specified by 9 
geometrical parameters, given in Table 10.3a. This table 
gives all parameters for (PF2)NH2 together with the 
results and esds of two separate final refinements, A and 
B. The significance of these two parameter sets will be 
discussed later. 
(b) combining ed + lcnmr data: the usual least squares 
refinement program was modified to include dipolar 
couplings as extra data HPF2Se, calculated according to 
equation 30. 
-YiYh [s3 2 (30) D= 23 cos eijz-1) 
8, r 
+ (sxx-syy)(cos2eijx-Cos26ijy) 
+ 2sXz(coseijxcoseijz) + 2yz(coseijycoseijz) 
+ 2sxy(coseijxcoseijy)I 
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Terms in the above equation have been adequately 
defined previously. In this case the axes were defined 
so that r(P-N) lay on the x axis and the z axis lay 
perpendicular to the Cs plane, passing through nitrogen. 
Thus sXz and syz were zero, and the other three 
orientation parameters were included in the set of 
refinable parameters. Although dipolar couplings-were 
measured at two temperatures, initial refinements 
showed similar results for the sets recorded at the two 
temperatures. Since at the higher temperature lcnmr 
spectral line widths were noticeably narrower on average, 
only this data set was used in the final refinements. 
The additional observations were interfaced with 
" ed data using an off diagonal weight matrix with the 
elements described in Chapter 2. 
For additional (lncmr) observations, the weight 
matrix was extended using only diagonal terms, with 
weights chosen so that the lcnmr data did not over-rule 
the ed data causing diverging refinements. In final 
refinements all dipolar couplings were given equal. weights, 
since all were readily measurable to a good degree of 
accuracy. The molecular model used in these refinements 
differed from that used for calculating theoretical 
intensities from ed-only data in that r(N-H) and r(N-H') 
were allowed independent values. 
Since the timescale of the ed experiment (1O-17's) 
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is faster than that for molecular vibrations (1Ö 
1 s) 
whereas 
that for the nmr experiment is much longer (ca 10-5s), 
it follows that molecular vibrations do not correlate 
with either measurement. The former looks at an average 
of all instantaneous structures, resulting in a molecule 
apparently removed from Cs symmetry by shrinkage whereas 
the latter averages over all vibrational orientations to 
give a net Cs structure. To allow for this, Cs symmetry 
had to be maintained in the molecular model used for the 
liquid crystal. This was achieved by considering halves 
of each hydrogen atom displaced equally and oppositely out 
of the P. N-(<FPF bisector) plane. <HNH and<H'NH' 
were used to denote the separations between the two halves 
of each hydrogen (H and H' lie cis and trans to <FPF 
bisector respectively). 
Otherwise the model used here was unchanged from the 
ed-only case, as were the procedures, trials and general 
results which led to the adoption of this model as giving 
the most satisfactory fit between observed and calculated 
scattering intensities. 
In order to equate the ed and lcnmr measurements, a 
vibrational correction was applied to the calculated 
dipolar couplings yielding rd from the measured ra values, 
by application of equation 36, described in the previous 
chapter. 
(36) rd = ra + u2/ ra; since ra = re. 
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In all refinements an ra structure has been used. 
10.5 Results and Discussion 
Two self consistent nmr data sets were obtained as 







at 253 and 293 K. In addition19F and 
31P isotropic 
spectra were recorded at 313 and 333 K in the same 
solvent. The 
1H 
spectra thus recorded proved not to 
submit to analysis, due to a preponderance of in number 
and intensity of peaks due to solvent protons: thus 
1JNH 
had to be assigned a reasonable value. The observed 
splittings from the first-order spectra, together with 
indirect couplings from spectra of isotropic 
solutions at higher temperatures extrapolated to yield 
isotropic couplings at the required nematic temperature, 
and derived direct couplings, are shown in Table 10.4. 
Since both the ed-only and ed + lcnmr refinements 
yielded essentially similar results, general discussion 
of these and conclusions drawn therefrom, may be taken to 
apply to both analyses, unless otherwise stated. All 
geometrical parameters refined satisfactorily, except for 
<HNH and <H'NH', which were fixed by R factor loops. In 
the ed-only case, <H'NH' was fixed at a value where 
considerations of minimum Rg factor were offset against 
a reluctance to allow the dependent <HNH' to fall below 
100. 0 
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Stable refinements were not possible with all 
parameters associated with the heavy atom bonded distances 
refining: u(P-N), r(P-N) and r(P-F) were allowed to 
refine simultaneously with u(P-F) fixed at a reasonable 
value. Subsequently three refined parameter values were 
fixed and u(P-F) allowed to adopt a refined value. In 
final refinements, u(P-F) was again fixed at its refined 
value, u(N-H) and u(N-H') were constrained to a single 
value, and u(F... F) and u(F... N) also refined independently 
while some of the non-bonded amplitudes of vibration 
involving protons refined as groups. 
A consequence of allowing all heavy-atom parameters 
to refine was that the geometrical parameters tended to- 
wards a different set of values corresponding to alternative 
minimum Rg structures, albeit with, in some cases, 
unrealistic vibrational amplitudes'(Tables 10.3a and 
b, refinement B). For the duration of most of the 
calculations performed on (PF2)NH2 data, these alternatives 
were deemed unreasonable, since the major feature was a 
movement of r(p-F) from ca 159 pm to ca 160 pm, and of 
r(P-N) from ca 163 pm to ca 161 pm, the latter value 
being in each case substantially different from the 
broad agreement for the values of these parameters derived 
from other sources (Table 10.5 ). 
Examining this, it can be seen that in refinement 
ed/A, while r(P-N) agrees well with the value derived 
from the microwave analysis, it is some 1.3 pm longer than 
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that found by X-ray diffraction , and r(P-F), while 
again agreeing with the microwave value, corresponds 
only to the shorter of two phosphorus-fluorine bond 
lengths in the X-ray analysis. In refinement ed + lcnmr/A, 
however, there is much closer agreement between the 
fluid phase and X-ray results. On the basis of this 
comparison, taking into account that the values found 
for ed/<FPF and X-ray/<FPF, and for ed/<FPN and X-ray/ 
average <FPN, lie within their respective esds of each 
other, it would be possible to argue that in the ed + 
lcnmr and X-ray geometrical results for the F2PN moiety 
are essentially similar, except for the lengthening of 
one P-F bond in the crystal by ca 2 pm, a result of 
intermolecular H... F interactions in the packing 
arrangement . However, in the B refinements there is 
a tendency for r(P-F) to approach the higher X-ray value 
for this parameter, while r(P-N) tends to move to an 
unreasonably low value. This last effect may compensate 
for the enforced lengthening of one r(P-F), a consequence 
of models chosen to represent the structure of (PF2)NH2 
constraining both P-F bond lengths to be equal. Why any 
deviation from Cs symmetry for the NPF2 moiety should 
manifest itself is not clear, unless the H' proton in 
its average position interacts in some way with the 
closest fluorine atom. It would therefore be interesting 
to try to refine a structure on a model with discreter(P-F) 
distances. 
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Refinements designated A will be exclusively 
considered from now on. The values found for r(N-H) 
seem unreasonably low, but were well defined according 
to their esds. Similarly <PNH and <PNH, especially the 
former (cis to <FPF bisector) adopting very wide 
(134-136(6)°) values, diverge somewhat from those derived 
from other sources, although only in the X-ray(where 
gas-phase motional amplitudes do not apply), and in MNDO 
calculations (with no esds given), were two angles <PNH 
allowed. Indeed, the latter of these methods gave the angles 
PNH closest of all to this work. Values for heavy atom 
inter-bond angles correspond very closely with those 
found from microwave spectroscopy, as well as with the 
X-ray structure as described above. 
Angles <HNH and <H'NH' were allowed to adopt a series 
of values, using R factor loops. The results of these 
examinations can be seen in Figure 10.6 An average 
position for the proton trans to the <FPF bisector was 
found to be 400 away from the Cs plane of the molecule (ed 
only) and 100 away from that plane (ed + lcnmr), whereas 
the proton cis to the <FPF bisector showed no sign of 
motional freedom expected for the floppy molecule predicted 
earlier. 
Values found for amplitudes of vibration were within 
esds of expected values except for U(F... F)(ca 4.3-5.3 pm) 




The ed and ed + lcrimr structural analyses of (PF2)NH2, 
while requiring some further investigation, have shown the 
following: 
a) The heavy atom ed-only results are in close agreement 
with those from microwave spectroscopy while those 
from ed + lcnmr agree well with the X-ray structure. 
b) The locations of the amino protons are in disagree- 
ment with other gas phase analyses, but this may in 
part be due to. the greater flexibility of the 
molecular model used in this study. 
c) Evidence from both ed and ed"+ lcnmr indicates 
that while the trans proton is mobile, the cis proton, 
subject perhaps to intramolecular H... F interactions, 
is not. 
Tables lO. 6a and lO. 6b show the least squares 
correlation matrices for the ed/A and ed + lcnmr/A 
refinements. Figures 10.7a and 10.7b show the atomic 
arrangements for the ed/A and ed+lcnmr/A structures 
respectively, with possible H... F interaction shown by 
broken lines, while Figure 10.8 shows the radial distri- 
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Table 10.2: Double resonance experiments 
Experiment Couplings related Relative signs 
19F_ 131P} FN and NP equal 
FH and HP equal 
FF and FP opposite 
19F-{15N} 
FH and HN equal 
FP and PN equal 
FF and FN opposite 
1H 
-{31P} HF and FP equal 
HN and NP equal 
HH and HP equal 
deduced from HF and FN equal 
above HP and PN equal 
HH and HN equal 
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Table 10.3a: Molecular parameters (ed-only) for (PF2)NH2 
Refinement A Refinement B 
Distance/pm Amplitude/pm Distance/pm Amplitude/pm 
r P-F 158.8(3) 5.2(fixed) 160.0(5) 6.6(4) 1 
r2P-N 165.1(5) 4.9(7) 161.3(10) 4.5(fixed) 
r3N-H 89.5(9) 9.5(10) 91.9(8) 8.5(9) 
d4F... N 248.3(5) 8.2(9) 248.7(a) 8.3(8) 
d5F... F 233.1(6) 5.3(9) 233.3(a) 5.4(8) 
d6P... H' 216.4(4) 8.3(b) 217.0(a) 7.8(b) 
d7P... H 237.5(4) 8.3(b) 237.1(a) 7.8(b) 
d8H... H' 137.4(6) 8.3(b) 137.7(a) 7.8(b) 
d9F... H 286.4(3) 16.7(27) 289.6(a) 15.7(24) 
d10F... H 329.9(3) 16.7(b) 333.8(a) 15.7(b) 
d11F... H' 285.2(6) 16.7(b) 288.4(a) 15.7(b) 
d12P... H' 285.2(6) 16.7(b) 288.4(a) 15.7(b) 
Angle( °) Angle(0) 
<1 FPF 94.4(4) 93.6(4) 
<2 FPN 100.1(4) 101.4(4) 
s 
<3 PNH' 113(4) 115(4) 
<4 H'NH' 80(fixeä) 80(fixed) 
<5 PNH 136(6) 137(5) 
<6 HNH 0(fixed) 0(fixed) 
<7 HNH' 100.4(calculated) 97.1(a) 




to ull, quoted esds were derived from the least 
squares analysis and increased to allow for systematic errors. 
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140.7(8) 12(fixed) 141.8(a) 
311.3(16) 15.2(59) 313.5(a) 
322.4(16) 15.2(tied to u11) 324.75(a) 
282.1(70) 15.2(tied to u11) 282.3(a) 













15.8(tied to u11) 
15.8(tied to u11) 
15.8(tied to u11) 
Angles(°) Angles(°) 
<1 FPF 94.1(4) 93.4(4) 
<2 FPN 100.8(4) 101.4(4) 
<3 PNH' 117(3) 119(3) 
<4 H'NH' o" 20(fixed) 20(fixed) 
<5 PNH 134(6) 134(6) 
<6 HNH O(fixed) O(fixed) 
<7 HNH' 108.1(calculated) 106.5(calculated) 
Orientation paraniete-r's 
s (s ) -0.0619(4) -0.0620(4) 
sl(szZ-s ) -0.0238(19) -0.0196(17) 
s3(sU) 
yF 0.1089(22) 0.1063(20) 
Dipolar Coup lings (Hz) 
obs. calc. calc. 
D PF 6.7 8.2 7.2 
D PN 27.3 21.6 25.2 
D FF 519.6 520.0 519.8 
D FN 34.0 30.6 30.9 
D NH 498.5 498.5 498.5 
D PH -127.7 -124.8 -126.8 
D FH -160.6 -163.4 -161.9 
D HI! -1106.5 -1106.4 -1105.9 




calculated. Quoted errors were obtained in the least squares refine- 
ments and increased to allow for systematic error. 
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Table 10.4: Couplings measured in E8 for (PF2)15NH2 
Nuclei Jiso aa(293K) D(293K) 
31p-19F 
-1190.1b -1176.7 + 6.7 
31p-15N 
+ 71.9b + 126.5 + 27.3 
19F-19F 
- +1558.8 + 519.6 
19F-15N 
- 6.0b + 62.0 + 34.0 
15N-1H 
- 80.4c + 916.6 + 498.5 
31P-1H 
+ 18.6b - 236.8 - 127.7 
19F-1H 
+ 13.3b - 307.9 - 160.6 
1H-lg 
- -3319.5 -1106.5 
a0= J+2D or 3D; 
bmeasured 
in E8 above nematic temperature range 
of solution; 
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Figure 10.4: Representations (not necessarily to scale) of 
(a) 1511 and (b) 
31P lcnrir spectra of PF2 (NH2) . 
Peaks irradiated in any of the three preceding 
double resonance experiments are annotated here 
for easy identification. 
(a) 
(b) 
1 23 4567 89101112 1314151'6171£ 
12345678910 1112 13 14 1516 1718 
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Figure 10.5 : Observed and final difference weighted molecular 
scattering intensities at nozzle-to-plate distances 
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Note: a = angle between r(N-H) and the plane subtended by P, N, 
and the bisector of <FPF. 
Figure 1O. 6b: 
















Ed+lcnmr variation of RG with a for the 
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Note: a = angle between r(N-H) and the plane subtended by 
P, N, and the bisector of<FPF 
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Figure 10.7 : Molecular structure of (PF2)NH2 
(a) ed-only 
(b) ed+lcnmr; the split hydrogen atom cis to the lone 
pair on phosphorus maintains Cs symmetry overall, 
while allowing the included angles at nitrogen to 
fall, on average, to a value <2ir radians. 
(a) 
(b) 
Note: possible hydrogen to fluoride attractive interactions are 
shown by broken lines, shown in Figure (a) only. 
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Figure 10.8 : -Observed and final difference radii distribution 
curves-Before Fourier inversion2the data were 
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Appendix I: Example of a mathematical model: PF2(NH ); this model 
utilises a subroutine MX2 which calculates atom coor. inates for the 
atoms M and X in a Cs(-M 2) molecular fragment. This model also pre- 
dicts dipolar couplings. Theoretical scattering intensities are 
calculated by programs elsewhere in the ED8O program library of which 
this model becomes a subroutine when refining the structure of PF2(NH2). 
C NMR: _HODEL : USES MX2 SUBROUTINE TO GENERATE 2X1/2H SPLIT CS 
CC DUMMY N FOR MX2 BY PF2N BISECTOR PLANE TRANS 
_ý DRQUTINE COORD (X, Y, Z) 
C TO F'S AND 2-XI/2H CIS TO F'S 
C PF21N-42 PFFNHHNHH 
CPfP --F, P? _ 
P-N, P3 N--H', P4 FPF, P5 FPN, P6 PNH', P7 H'NH', P8 PNH 
t; P9 NH, P 10 HNH 
IMPLICIT REAL#8 (A-H, O-Z) 
;i AL*4 RM 
COMMCN/M80/PAR(20), R(100), RM(100), U(100) 
t'IMENSION X(50), Y(50), Z(50) 
PI=3.14159265359 
C; 1. GD2 
RAD=P I /C 




AS=PAR (6) *RAD 
A4=PAR (7) *"RAD 
A5=PAR(8)*RAD 
















'7= 0. OD0 
N=7 









CALL MGOMX2 (A, B, C, D, E, F, G, N, X, Y, Z) 
RETURN 
END 
Appendix I (contd) 
C 
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GUDR)UTINE EXTRA(X, Y. Z, E_) 
Ci234 "ä 67 £i 
C PF PN FF FM - -NH PH FH HH 
C P9 P10 P11 
C S1=SZZ 62=3XX-SYY S3=SXY 
IMPLICIT REAL*8 (A-H, 0-Z) 
RFAL*4 RM 
COMMON/N80/P(20), R (100), RM(100), U( 100) 












c (1) = (ED3ONA (X. V. Z. 0.8.2,1) +EDSONA (X. Y, Z, 0, S, 3,1)) /2. 
E (2) =EDBONA (X, Y, Z, G, S, 1,4 ) 
E (3) -ED80NA (X, Y. Z, G, S, 2,3 ) 
t (4) =t ED80NA (X, Y, Z, G, S, 2,4) +ED8ONA (X, Y, Z, 0, S, 3,4)) /2. 
E (5) = (EDBONA (X, Y, Z, 0, S, 4,5) +EDBONA (X. Y, Z, G, S, 4,6 ) 
£'-LD30NA (X, Y, Z. 0, S. 4.8) )-ED80NA (X: Y, Z,. 0, S. 4,9) ) /4. ODO 
t (6) t- (ED80NA (X, Y, Z, 0,3,1,5) +ED80l'(A (X, Y, Z. G, S, 1,6 ) 
£+`DSONA (X, Y, Z, G, S, 1,8) +EDSONA (X, Y, Z, 0, S, 1,9)) /4. ODO 
E (7) - (ED80NA (X, Y, Z, 0, S, 2.5) +EDBONA (X, Y, Z. G, S, 2,6 ) 
£+ýDOONA (X, Y, Z, G, S, 2,8) +EDSONA (X, Y, Z. G, S, 2,9 ) 
t; -ED80NA (X, Y, Z, G, S, 3,5) +ED8ONA (X, Y. Z, 0, S. 3,6 ) 
3; +EDBONA (X, Y, Z, G, S, 3,8) +EDGONA (X, Y, Z. G, S, 3,9)) /8. ODO 
E (8) = (ED8ONA (X, Y, Z, G, S, 5,8) +EDSONA (X. Y, Z, G, S, 6, B) 





DOUBLE PRECISION FUNCTION EDSONA(X, Y, Z, G, S, I, J) 
C CALCULATES DIPOLAR COUPLING I, J 
IMPLICIT REAL*S (A-H, O-Z ) 





Appendix I (contd) 
C 
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C r: MPL. ITUD3 CORRECTIONS FOR PREDICTED D VALUES R=R-U*42/R 
C 
DIMENSION DR(99) 
DO 1 K=1,9 
). a0 1 L=1º 9 
1D (K, L)=0.0D0 
Dý? (2,1)=0.0013 
DIN (3,1) =0.0013 
DR(1,4)=0.0013 
ÜR (2,3) =0.0021 
D^(2,4)=0.0023 
D? (3,4) =0.0023 
D0 11 IN=5,9 
sit (4, IN) =0.0036 
=, t (1, IN)=0.0098 
DR (2, I N) =0.0133 
l1 U'? (3, IN)-0.0133 
DR (5,8) =0.0139 
DR (6,8) =0.0139 
DR (5,9) =0.0139 
DR (&, 9) =0.0139 
(1, j) 
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Appendix II: ED80 command numbers and their functions 
Command no.: 1 
Comwads 10-19: parameters in refinement 
10 Present state of commands 12-19 
11 Clear commands 12-19 ... nothing refines 
13 fine parameters 
14 Refine amplitudes 
15 Add amplitude constraint 
iu Remnve amplitude constraints 
i7 Set up R factor loop 
10 Set up 2-dimensional R Factor loop 
19 Reed phase parameters 
Command no.: 2 
Commands 20-29: refinement conditions 
20 Present state of commands 22-29 
21 Clair commands 22-29 to standard values 
22 Set no. of cycles of refinement 
23 Scat partial shift 
24 Refine r(a), r(g) or r(alpha) parameters 
25 Refine on I(s)*s**4 or I(s)*s**5 
2S Set up weighting scheme 
27 Read extra distance data from file 'XYZDIST' 
Command no.: 3 
Commandc 30-39: printout requirements 
30 Present state of commands 32-39 
31 Clear commands 32-39 to standard values 
32 Print parameters every cycle 
'13 Omit part of parameter list 
34 Print correlation matrix 
35 Print table of s limits, etc. 
36 Print table of parameters 
37 Read new label 
38 List atom coordinates 
39 Calculate bond lengths and angles 
i Command no.: 4 
Commands 40.49: molecular parameter modification 
44 tist current parameters 
42 Read complete parameter set 
43 Read scale factor line 
44 Read distance line 
45 Read parameter line 
416 Remove distance lines 
47 Change number of distances 
40 Read atomic numbers 
49 Change number of indep. and dep. parameters 
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Appendix II (contd) 
Comm. ' ti1no. :5 
Commands 50-59: intensity data modification 
54 1, ist s limits and weighting points 
52 Change s min 
53 Change s max 
54 Change lower weighting point 
55 Change upper weighting point 
56 Ignore or restore data set 
57 Subtract background 
53 Subtract background (odd point) 
59 Subtract background (spline function) 
Command no. :6 
Commands 60-69: lineprinter plots 
60 Present state of commands 62-69 
61 Clear commands 62-69 ... no 
lineprinter plots 
62 Plot intensity curves on lineprinter 
, +3 Plot combined intensity curves on lineprinter 
64 Plot P(r)/r on lineprinter 
65 Plot P(r) on lineprinter 
66 Read radial distribution curve parameters 
Command no.: 7 
Commands 70-79: non-e. d. data 
70 Present state of commands 72-79 
71 Clear commands 72-79 ... ignore non-e. d. data 72 Change number of non-e. d. data 
73 Change one non-e. d. data line 
74 Ignore or include non-e. d. data in refinements 
Command no.: 8 
Commands 80-89: graphplotter plots 
80 Present state of commands 82-89 
31 Clear commands 82-89 ... no graphplotter plots 82 Plot intensity curves on graphplotter 
83 Plot combined intensity curve on graphplotter 
E%4 Plot P(r)/r on graphplotter 
35 Plot P(r) on graphplotter 
86 Read radial distribution curve parameters 
83 Plot size 
Command no.: 9 
Commands 90-99: programme termination 
90 Present state of commands 92-98 
`71 Clear commands 92-98 to standard values 
72 Set convergence criteria 
93 Protect parameter set 
99 SLore commands 
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Appendix III: List of abbreviations used in the text 
ed gas phase electron diffraction 
esd estimated standard deviation 
it infrared spectroscopy 
lcnmr liquid crystal nuclear magnetic resonance 
spectroscopy 
nmr nuclear magnetic resonance spectroscopy 
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ABSTRACT 
The gas phase molecular structure of methylaminodifluorophosphine has been studied 
by electron diffraction. The data can be interpreted in terms of a single conformer in which 
the phosphorus lone pair is trans to the N-C bond, although the possibility that up to 
20% of a second conformer is present cannot be excluded. The principal parameters are: 
r(P-F) 159.3(4) pm; r(P-N) 164.8(7) pm; r(CN) 144.8(12) pm; L(F -P-F) 94.1(8)°; 
L(F-P-N) 100.6(4)°; L(P N-C) 125.3(20)°. The wide P-N-C angle indicates that the 
bonds to nitrogen are probably coplanar. 
INTRODUCTION 
Electron diffraction studies of NMe(PF2)2 [1] and N(PF2)3 [2] have revealed 
planar arrangements of ligands about nitrogen, and in the case of PF2[NH(SiH3)] 
[3] the existence of a wide PNSi angle again suggests that the bonds around 
nitrogen are coplanar. Similarly, while the electron diffraction studies of 
NMe2(PF2) [4] and PF2(NH2) [4] indicate a possible pyramidal arrangement 
of ligands about nitrogen, with the angles between the P-N bonds and NR2 
planes being 32° and 35° respectively, microwave studies of both molecules 
[5,6] and a determination of the solid phase structure of the former [7] 
again show planar nitrogen groupings. It was therefore interesting to study 
the structure of PF2(NHMe) with a view to determining how the geometry of 
the PNHC skeleton compares with that found in other PNR2 skeletons. 
The infrared spectrum of PF2[NH(SiH3)] in the gas phase [3] shows two 
distinct N-H stretching vibrations, implying that two conformers are present 
in significant abundance. This was confirmed by a gas phase electron diffraction 
study, which revealed that the two conformers differed from each other in 
the orientation of the -PF2 group. There are also two N-H stretching vibrations 
in the gas phase infrared spectrum of NH(PF2)2 [8] and two conformers of 
this compound are believed to be present, but the solid phase infrared spectrum 
has only one band in the N -H stretching region and an X-ray study shows 
only one conformer to be present in the crystalline phase [9]. The infrared 
spectrum of PF2[NH(CH3)] also shows two N-H stretching vibrations, with 
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relative intensities of ca. 10: 1, and so the electron diffraction structure deter- 
mination carried out on the compound was used to investigate whether two 
conformers could be identified. 
EXPERIMENTAL 
A sample of PF2(NHMe) was prepared by reacting PBrF2 with monomethyl- 
amine [10] in a two-bulb apparatus in the absence of air and under reduced 
pressure. The product was purified by fractional condensation in vacuo and 
its purity was checked by infrared spectroscopy. 
Photographic intensities were recorded on Kodak Electron Image plates 
using a Balzers' KD. G2 gas diffraction apparatus at nozzle-to-plate distances 
of 1000,500 and 250 mm. The sample was maintained at a temperature of 
250 K, while the nozzle was at room temperature (296 K). The value of 
5.673 ± 0.003 pm for the electron wavelength was obtained from the analysis 
of the scattering pattern of gaseous benzene. The photographic intensities 
were converted to digital form using a Joyce-Loebl automatic microdensitometer. 
With the exception of the initial conversion to uphill curves, the data re- 
duction and least-squares refinements were carried out, using established pro- 
grams, on an ICL 4-75 computer [4,11] . 
The scattering factors of Schäfer 
et al. [12] were used throughout. The weighting points used in setting up 
the off-diagonal weight matrix are given in Table 1, together with scale factors 
and correlation parameters. 
MOLECULAR MODEL 
In the least-squares refinements of PF2(NHMe), local C3v and C, symmetries 
were assumed for the CH3N and PF2N groups respectively. The hydrogen 
bound to nitrogen was assumed to lie in the PNC plane. With these assumptions, 
the molecular structure could be defined by 12 independent parameters, taken 
to be the P -F, P-N, N -H, C-N and C-H bonds, the angles FPF, FPN, PNC, 
PNH and NCH, and two twist angles, defining the conformations of the -PF2 
and -CH3 groups. The -PF2 twist angle was defined to be zero when the FPF 
angle bisector was cis to the N-H bond, and the -CH3 twist angle was taken 
to be zero when one C-H bond eclipsed the N-H bond. In the later stages 
TABLE 1 
Weighting functions, correlation parameters and scale factors 
Camera height AS smm sm, X swl sw2 p/h Scale factor (mm) (ces) (nm') (nm') (nm') (nm -2) 
250 4 60 306 80 265 0.456 1.87(5) 
500 2 27 153 45 135 0.498 1.78(5) 
1000 1 10 78 20 67.5 0.499 1.27(5) 
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of refinement a variable amount of a second conformer differing only in -PF2 
twist angle from the first conformer was introduced. 
REFINEMENT 
All three heavy-atom bonded distances lie beneath the peak at 160 pm in 
the radial distribution curve (Fig. 1), and so are strongly correlated. The P-F, 
P-N and N-C distances refined satisfactorily, unlike their amplitudes of 
vibration which had to be assigned reasonable values. 
The major skeletal angles, FPF, PNC and FPN, refined satisfactorily, as did 
the amplitudes of vibration for the non-bonded distance P"""C. The ampli- 
tudes of vibration for the F. ""F and F"". N distances refined as a single 
parameter. Of the parameters involving hydrogen, only the C-H bonded dis- 
tance and the NCH angle could be refined. 
Assuming the presence of only one conformer, the PF2 twist angle refined 
satisfactorily to ca. 171°, with the two C ... F amplitudes of vibration refining 
as a single parameter. After completing refinements with one conformer only, 
a series of refinements was carried out with fixed small amounts of a second 
conformer, the -PF2 twist angle of which was fixed initially at values in the 
range 0-180°, and latterly in the range 65-105°. The variation of R factor 
with amount of second conformer and twist angle is shown in Fig. 2. Some 
refinements were carried out with the -CH3 twist angle fixed at values other 
than 0°. Varying this angle proved to have no significant effect on the refining 
parameters. 
The final molecular parameters are listed in Table 2, and the least-squares 
correlation matrix in Table 3. The molecular scattering intensity curves are 
shown in Fig. 3 and the structures of the two conformers of PF2(NHMe) are 
depicted in Fig. 4. 
r(Fm) 
Fig. 1. Observed and final difference radial distribution curve P(r)lr, calculated with a 
damping factor of 0.000015 nm-'. 













65 70 75 80 85 90 95 100 105 
Dihedral <2nd conformer 
Fig. 2. Variation of R factor (Ra/R5(min)) with proportion and twist angle of second con- 
former. (a) Fixed angle and varying percentages. (b) Fixed percentages and varying angles. 
RESULTS AND DISCUSSION 
The parameters found for the skeletal group F2PN are in good agreement 
with those found for closely related compounds (see Table 4). The P-N bond 
length is towards the lower end of the expected range, and the P-F distance 
is similarly long. However, the non-bonded distances F"""F and F"""N have 
values consistent with hard sphere radii [13], and as a consequence the FPF 
angle is fairly small and the FPN angle is quite wide. The wide PNC angle can 
similarly be explained in terms of P"""C contacts. 
No evidence could be obtained regarding the location of the imino hydro- 
gen, but considering the wide PNC angle found (ca. 125), we believe that our 
assumption concerning a planar arrangement of ligands about nitrogen is likely 
to be correct. 
The twist angle of the -PF2 group of the major conformer refined to 
171.4(20)°. It is probable that the average twist angle of this conformer is 
180°, and that torsional vibration about the mean position gives rise to a sub- 
stantial shrinkage effect. In this configuration, fluorine atoms lie close enough 
to methyl protons for there to be some stabilizing effect from weak H"""F 
interactions. The shortest H"". F distances for a -PF2 twist angle of 170° 
vary between 250 pm and 279 pm, depending on the orientation of the CH3 
10.80 




Molecular parameters for PF=(NfZIe)c 
Distances (pm) Amplitude (pm) 






(B) Dependent distances 
d6 (F. "" F) 
d7 (F " .. N) 
d8 (F " .. (N)H)a 
d9 (F """ (N)H)' 
d1O(C""" F)" 
d11(C. "" F)* 
d12 (F """ (C)H)" 
d13(F""" (C)H)' 
d14(F""" (C)H)' 
d15 (F """ (C)H)' 
d16 (F """ (C)H)a 
d17(F""" (C)H)' 
d18 (P """ (N)H) 
d19(P""" C) 
d20 (P """ (C)H) 
d21 (P ... (C)H) 
d22 (P ... (C)H) 
d23 (N """ (C)H) 
d24 (C """ (N)H) 
d25 ((C)H """ (C)H) 
d26 ((N)H "-" (C)H) 
d27 ((N)H """ (C)H) 
'2R((N)H ""-(C)H) 
d29 (C ... FYI' 
d30(C... F)b 









































L6 PF2 Twist, major conformer 
L7 PF3 Twist, minor conformer 
































16.2 tied to u10 
16.2 tied to u10 
`Major conformer only. bMinor conformer only. 'Quoted errors are estimated standard 




Least-squares correlation matrix multiplied by 100 
rl r2 r4 r5 L1 L2 0 L4 L6 u6 u10 u19 k1 k2 k3 
100 -85 71 -35 -10 20 -41 34 1 -13 -12 -10 -83 -63 -16 rl 
100 -54 31 -3 -21 42 -38 -5 8 13 14 81 63 70 r2 
100 -21 -5 36 -43 27 -11 -12 -8 -8 -75 -63 -17 r4 
100 10 10 39 -41 -2 15 11 6 42 31 4 r5 
100 -42 -41 28 13 14 5 -1 2 -14 -18 L1 
100 14 -16 -27 -63 -25 -25 -18 -14 -6 L2 
100 -80 -8 -8 27 12 55 61 26 L3 
100 -41 2 -32 7 -49 -54 -24 L4 
100 18 33 -28 697 L6 
100 27 29 15 8 -2 u6 
100 10 15 17 6 u10 
100 10 10 8 u19 
100 70 20 kl 
100 22 k2 
100 k3 
group. This compares with the sum of the van der Waals' radii for hydrogen 
and fluorine of 255 pm. 
Two N-H stretching vibrations are evident in the room temperature infra- 
red spectrum of PF2(NHMe), the major peak occurring at 3467 cm' and the 
other at 3417 cm-1. The infrared spectrum of the soli(; phase at 77 K shows 
the presence of only one N-H stretching vibration, at 3430 cm"'. From the 
evidence presented in Fig. 2 we deduced that the data are consistent with the 
possible existence of a second conformer, with a -PF2 dihedral angle of ca. 85° 
and an abundance at room temperature of up to 20%. 
In this second conformer there are contacts of 260 pm for one fluorine 
atom and the proton on nitrogen, and between 263 pm and 296 pm for one 
fluorine and the closest methyl proton, depending on the twist angle of the 
-CH3 group. This configuration corresponds to that of the major conformer 
found for the compound PF2[NH(SiH3)] [3], which has a -PF2 twist angle 
of 90° and one (Si)H ". "F contact at 267 pm and one (N)H """F contact at 
252 pm. However, in that case the second conformer has a twist angle of 26° 
which gives rise to only (N)H -""F contacts. The absence of a 180° conformer 
can be explained in terms of the longer Si-H and Si-N bonds, in conjugation 
with the wide PNSi angle, precluding any (Si)H """F contact with the twist 
angle in this region. 
We find, therefore, that weak H"""F interactions seem to determine the 
preferred conformation in PF2-N compounds, with (M)H """F contacts 
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Fig. 3. Observed and final weighted difference molecular intensity curves, for nozzle-to- 
plate distances of: (a) 250 mm, (b) 500 mm, (c) 1000 mm. 
Fig. 4. Structures of PF, [NH(CH3)]. (a) Major conformer (PF= twist 171°). (b) Minor con- 
former (PF= twist 85°), 
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Gas-phase Molecular Structure of Bis(difluorophosphino)amino, deter- 
mined by Electron Diffraction 
By Christopher M. Huntley. Graham S. Laurnmon. and David W. H. Rankin. * Ospartmant of Chemistry. 
King's Buildings. University of Edinburgh. Edinburgh EH9 3JJ 
The molecular geometry of bis(diflu(rophosphino)amine. NH(PF1),. in the gas phase has been studied by electron 
diffraction. Principal parameters are: i. (P-F) 158.4(3).,, P-N) 168.4(8) pm; FPF 95.6(10). FPN 98.3(7). and 
PNP 122.1(7)'. Two conformers are present in the vapour at room temperature. The predominant form (72%) has 
almost C,. symmetry, but the PF2 groups are twisted 5' away from most symmetrical positions. In the Ion abundant 
form, one PF2 group is twisted by 60' from the Cs. position but the other only by 5'. 
Or the three difluorophosphino-amines. only two have 
had their gas-phase molecular structures determined. 
The primary amine. NH2(PF2), has been shown by both 
electron diffraction 1 and microwave spectroscopy I to 
adopt a conformation in which the axes of the phos- 
phorus and nitrogen lone pairs of electrons are ortho- 
gonal. The microwave study indicated that the nitrogen 
atom had planar co-ordination. but in the electron- 
diffraction results the hydrogen-atom positions were not 
well defined, although there was some evidence that the 
PNH2 group was not planar. 
In the case of the tertiary amine. N(PF0)3. an electron- 
diffraction study $ has shown that the NP3 skeleton is 
planar, and that each phosphorus lone-pair orbital is 
orthogonal to the nitrogen lone-pair 2p orbital. The 
conformation of the molecule is such that the overall 
symmetry is Cy, with the phosphorus lone pairs as far 
away from each other as possible. This structure 
contrasts with that of NMe(PF=),. 4 which has the lone 
pairs as close together as possible. with Cj, symmetry for 
the CN(PF0)2 fragment. The structure of the secondary 
amine is therefore of particular importance. The 
vibrational spectra of this compound in the gas phase 6 
show two N-H stretching and two in-plane N-H deform- 
vibrational spectra, which are perfectly satisfactory. we can 
only conclude that the acid cleavage of the tertiary amine is 
catalysed by some material which was not present in recently 
prepared samples. The secondary amine was therefore 
prepared by treating a four-fold excess of aminodifluoro- 
phosphine with bromodifluorophosphine and trimethyl- 
amine, and destroying the excess of primary amine from the 
mixture of primary and secondary amines with hydrogen 
bromide. The purity of the sample prepared in this way 
was checked by i. r. and n. m. r. spectroscopy. 
Electron-diffraction scattering intensities were recorded 
photographically using the Cornell University diffraction 
apparatus. ' now installed at the University of Edinburgh. 
The apparatus was operated in the conventional convergent 
beam mode, with a sector designed to give uniform scattering 
intensity from carbon atoms. With an accelerating poten- 
tial of 44 kV and nozzle-to-plate distances of 128 and 285 
mm. data were obtained over a range of the scattering 
variable s of 30-350 mm-t. Data were recorded on 
Kodak Electron Image plates (three plates at each camera 
distance were used), with the sample at 228 K and the nozzle 
at 293 K. The background pressure was 5x 10'' Torr. t 
and was maintained at 3x 10' Torr during exposures. 
The electron wavelength was determined from the scatter- 
ing pattern of gaseous benzene. recorded immediately 
before the amine patterns were recorded. 
T* .z1 
Weighting functions. correlation parameters, and scale factors 
Camera 
height Wavelength scale as +.,., Si S.. sue.., Correlation 
mm pm factor nm ' parameter 
128.47 6.707 0.847(9) 4 60 80 300 340 0.126 
284.76 3.719 0.797(11) 2 34 44 118 146 0.496 
ation modes, suggesting that two conformers are present. 
However, a study I of the crystalline solid at 160 K 
indicates that only one conformer is present, the mole- 
cules having almost exact C=. symmetry. We have 
therefore investigated the molecular structure of the 
secondary amine in the gas phase. to see whether we can 
identify two distinct conformers. 
EXPERIMENTAL 
Attempts to prepare bis(difluorophosphino)amine using 
the published procedure' were unsuccessful. Tris(di- 
fluorophosphino)amine did not react with HCI. HBr, or 
H, S in the gas or liquid phase. over a period of several days 
at room temperature. Having re-examined the original 
The photographic intensities were obtained in digital 
form using a Jarrell-Ash double-beam microphotometer. ' 
with spinning plates. All calculations were carried out 
using an ICL 2970 computer at the Edinburgh Regional 
Computing Centre. The data reduction program used was 
a version of an established program. ' modified to handle 
data from the Jarrell-Ash microdensitometer. The least- 
squares refinement program is a new version of an estab- 
lished program, ' which uses an off-diagonal weight matrix to 
allow for correlation between data points. The weighting 
points used in setting up that matrix are given in Table 1. 
together with correlation parameters and other experimental 
details. In all calculations, the complex scattering factors 
of Schafer at ei. " were used. 
t Throughout this paper: 1 Torr - (101325/760) Pa. 
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R. finemoxt. -In the early stages of refinement the mole- 
cular model used allowed for the presence of only a single 
conformer. The basic structure had Ca, symmetry and was 
defined in terms of P-F. P-N. and N-H distances, and FPF. 
FPN. and PNP angles. The hydrogen atom was assumed 
to lie in the PNP plane. Distortion from C symmetry 
(with the FPF angle bisectors eclipsing the N-H bond) was 
possible by twisting the PF2 groups around the P-N bonds. 
These two twists could be constrained to be equal, or equal 
and opposite, giving structures of C, or C, symmetry. 
Using this model, the principal bond lengths and angles 
refined readily, and the best fit (R(j - 0.067) was obtained 
for a C, structure, with PF1 groups twisted b° from the C 
positions. 
The model was then modified so that a variable amount of 
a second conformer, differing from the first only in the PF, 
twist angles, could be included. As it was not feasible to 
investigate all combinations of the four twist angles defining 
two conformations and the relative proportions of the two. 
some constraints on the twist angles were applied. All 
possible mixtures of conformations that could be described 
by two twist angles and a proportionality factor were ex- 
plored. There was no significant reduction of the R factor 
for any amount of a second conformer with C, or C, sym- 
metry including those forms (of C. and C symmetry 
respectively) in which one or more of the phosphorus lone 
pairs eclipse the N-H bond. However, a considerable 
E 
r`ý 
FIaves I Variations of the R factor with (a) percentage of 
second conformer. present and (b) second twist angle in the 
second conformer 
improvement was obtained when it was assumed that the 
second conformer had one angle which was the same as 
those in the major form, and the second angle was treated as 
a variable. In Figure 1 the variations of the R factor with 
this angle and with the percentage of the second conformer 
are shown. The lowest R factor (0.057) was obtained for 
27.5% of a form with twist angles of 5 and 58°. 
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RESULTS AND DISCUSSION 
The results of the final refinement are given in Table 2. 
All distances quoted are r., and errors are estimated 
standard deviations obtained in the least-squares 
analysis, increased to allow for systematic errors. The 
TABLE 2 
Molecular parameters for NH(PF1)e 
Distance/pm Amplitude/pm 
(a) Independent geometrical parameters 
r, (P-F) 158.4(3) 5.6(4) 
"s(P-N) 188.4(8) 6.8 (tied to uj 
rs(N-H) 97.3(23) 3.7(24) 
Angle/' 
Angle I (F-P-F) 95.6(10) 
Angle 2 (F-P-N) 98.3(7) 
Angle 3 (P-N-P) 122.1(7) 
Angle 4 (twist 1) " 8.3(13) 
Angle 3 (twist 2)' 88 
% of conformer 2 27.30 
(b) Dependent distances 
d"(F .". F) 234.8(9) 7.4(7) 
d"(F . .. N) 247.3(11) 9.2 (tied to r. ) 
d. (P " "" P) 294.8(14) 10.0(7) 
d, (P " "" F) ' 387.6(27) 
d, (P " 
d"(P . 
"" F) ' 
.. F) " 
393.5(30) 
333.0(25) 12.4(8) 
dl"(P :"" F) " 409.7(24) 
dl, (F ". " F)! 436(4) 15.7(20) 
dl1(F .. " F)! 494(2) 13.4(20) 
dU(F ... F) " 379(3) 15.7 (tied to utt) 
di"(F ... F) " 469(3) 13.4 (tied to su) 
du(F ... F) " 470(3) 13.4 (tied to "a) 
d1(F ... F) " 485(4) 15.7 (tied to ue) 
( ) 231 0 11 8 ý) 
F dv """H e 250 -31 8.4( 0) 1 
" Twist angle for both PF, groups of major conformer, and for one group of second conformer. " Twist angle for one PF, 
group of second conformer. " See text. ' Both conformers. 
" Minor conformer only. / Major conformer only. 
final least-squares correlation matrix (Table 3) shows 
several strong correlations between parameters caused by 
overlap of the P-F and P-N and F"""F and F"""N 
peaks in the radial distribution curve (Figure 2). The 
intensity data and final weighted difference curves are 
shown in Figure 3. 
Some structural parameters for some aminodifluoro- 
phosphines are compared in Table 4. It is clear that 
there is very little variation of P-F distances and FPF 
and FPN angles in the series of compounds, but that the 
P-N bond lengths increase from around 165 pm in 
amines with one PF= group to 168 pm in amines with two 
PF= groups to 171 pm in N(PF03. This may be inter- 
preted in terms of (p-+d)a bonding, with competition 
between phosphorus atoms for the nitrogen lone pair of 
electrons, or in terms of non-bonded contacts between 
phosphorus atoms. The P".. P distance in NH(PF2)2 
is 295 pm, with a PNP angle of 122°, but in N(PFOs the 
maximum possible PNP angle is 120° and as the P".. P 
distance of 296 pm is essentially the same the long P-N 
bond length may be explained. The short P"". P 
distance (285 pm) in NMe(PF=)= 4 associated with a PNP 
angle of 116°, is an enigma. 
The very close agreement of X-ray 4 and electron- 
o 10 20 30 io 50 60 
Percentage of s. cand conformer 
Second twist onglo (lot second aonta in« 
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diffraction results for the main geometrical parameters 
indicates that, although the conformation may change 
between gaseous and crystalline phases, there is very 
little distortion of bond lengths and inter-bond angles. 
This is to be expected, as the X-ray study showed that 
there were no strong intermolecular contacts. 
The conformations adopted by bis(difluorophosphino)- 
amine are of particular interest. The predominant gas- 





Ftouaz 2 Observed and final difference radial distribution 
curves. P(r)1r. for NH(PF, ),. calculated with a damping factor 
of 0.000 013 nm' 
solid. It seems highly likely that the gas-phase form 
has C=, symmetry. and that the apparent 50 twist angles 
observed are shrinkage effects caused by torsional 
vibrations of the PF, groups. In this form there are 
four intramolecular F"""H contacts of 263-270 pm, 
and these may provide the weak attractive forces that 
J. C. S. Dalton 
The existence of two N-H stretching and two N-H in- 
plane deformation bands in the gas-phase i. r. spectrum 
Ftouiz 3 Observed and final weighted difference molecular- intensity curves, for nozzle-to-plate distances of (s) 128 and 
(b) 28d mm 
of NH(PF, ), " indicated that two conformers probably 
existed in the gas phase. This has now been confirmed 
TA z3 
Least-squares correlation matrix. multiplied by 100 
Angle 
r, r, r, 123 4 w1 w, r, we 'su , 's -1, 4i k. 
100 -27 41 64 r 100 -23 54 -21 -47 -34 33 25 56 rs 100 r 100 -47 -66 -24 -28 33 27 -33 1 100 -37 48 42 81 28 2l 
10 49 -23 -27 
ß (6 
1 00 22 -49 -22 
41 
100 43 NIL 100 
100 39 38 26 r, 100 58 r. 
100 26 21 w, 
100 vu 100 x/. 
100 ý 100 32 
A 
, 100 A, 
Only correlation with absolute values greater than 0.2 are included. 
stabilise this arrangement. In the solid there are by the structural study. In the less abundant form. one 
additional intermolecular F ... H contacts: these do PFD group is twisted about 60° from the Cap position. 
not appear to affect the structure of individual mole- Why this particular structure should be favoured is not 
cules, but only the packing arrangement. clear, but it should be noted that one F . ""H contact is 
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TaHta 4 
Structural parameters of some aminodiduorophosphines 
Bond distance/prn Angle/* 
Compound Technique "(P-F) r(P-N) FPF FPN PNP' ReL 
NH, (PF, ) ED 158.1(3) 186.1(7) 95.3(11) 101.1(11) 1 
MW 158.7(4) 185.0(4) 94.6(2) 100.6(2) 2 
NMeH(PF, ) ED 159.3(4) 164.8(7) 94.1(8) 100.6(4) 11 
NH(PF, ), ED 158.4(3) 168.4(8) 95.6(10) 98.3(7) 122.1(7) This 
work 
NH(PF1), x 157.8(5) 166.7(10) 95.7(4) 99.4(4) 120.7(4) 6 
NMe(PF. J, ED 158.3(2) 168.0(6) 95.1(3) 99.6(3) 116.1(8) 4 
N(PFJ, ED 157.4(2) 171.2(4) 97.1(5) 99.0(4) 120.0 3 
ED - Electron diffraction. gas phase: MW - microwave spectroscopy, gas phase; X- X-ray diffraction. crystalline phase. 
now at 250 pm, which is slightly less than the sum of the 
van der Waals radii of fluorine and hydrogen. 
It is not possible to draw conclusions about the con- 
formation in solution of bis(difluorophosphino)amine 
from the present work, but it is interesting to note that 
the coupling constant'J(PP') is much smaller for this 
compound 6 than for substituted bis(difluorophosphino)- 
amines 12-u and that large couplings have been associated 
with strong interactions between lone pairs of electrons 
on phosphorus atoms. " The existence of a conformer 
in which this interaction is reduced by the twisting of one 
PFs group away from the position giving maximum 
lone-pair interaction may provide a rationalisation of the 
observed n. m. r. coupling constants. We have studied 
the Raman spectrum of liquid NH(PFs)1 and have ob- 
served two N-H stretching bands at 3 315 and 3 355 
cm 'I, with an intensity ratio of ca. 5: 1. Thus it seems 
likely that in condensed fluid phases the conformational 
properties relate more closely to those in the vapour than 
to those in the crystal. 
One of us (G. S. L) thanks the S. R. C. for a research 
studentship. 
REFERENCES 
It G. C. Holywell, D. W. H. Rankin, B. Beagley, and J. M. 
Freeman. J. C s, a. Soc. (A). 1971.785. 
" A. H. Brittain, J. E. Smith, P. L Lee. K. Cohn, and R. H. 
Schwendeman. J. Amer. C. bm. Soc.. 1971.93.6772. 
$ D. E. J. Arnold, D. W. H. Rankin, M. R. Todd, and R. Seip. 
J. C. S. Dalton. 1979.1290. 
'L Hedberg. L. Hedberg. and K. Hedberg. J. Amer. Cb. m. 
Soc.. 1974.90.4417. 
" D. E. J. Arnold and D. W. H. Rankin, J. C. S. DaUm. 1976, 
889. 
" M. J. Barrow. E. A. V. Ebsworth, M. M. Harding. and 
S. G. D. Henderson. J. C. S. Dalton. 1979.1192. 
r S. H. Bauer and K. Kimura, J. Phys. Soc. Japan. 1962,17. 
300. 
" R. L Hilderbrandt and S. "H. Bauer, J. Mot. Sb jure. 1969, 325. 
" D. M. Bridges, G. C. Hol Il, D. W. H. Rankin. and J. M. 
Freeman. J. Oraewoaweallie C Am., 1971.32.87. 
NL Schäfer. A. C. Yates. and R. A. Bonham, J. Chem. Phys.. 
1971.55.3065. 
is G. S. Lamenaon and D. W. H. Rankin. J. Mot. Serrcluse. 
1979, b4.111. 
n E. A. V. Ebeworth. D. W. H. Rankin, and J. G. Wright, 
J. C. S. DaUow, 1977,2348. 
u E. A. V. Ebsworth, D. W. H. Rankin, and J. G. Wright, 
J. C. S. DaUow, 1979,1066. 
34 D. E. J Arnold, E. R. Cromie, and D. W. H. Rankin. J. C. S. 
DaUo,. 1977.1999. 
[911272 Rsuiwl. 91h A. giui. 1979] 
Journal of Molecular Structure, 71 (1981) 217-226 
Elsevier Scientific Publishing Company, Amsterdam -- Printed in The Netherlands 
THE MOLECULAR STRUCTURE OF DIFLUOROPHOSPHINE SELENIDE, 
DETERMINED USING A COMBINATION OF GAS ELECTRON 
DIFFRACTION AND LIQUID-CRYSTAL NMR DATA 
ALAN S. F. BOYD, GRAHAM S. LAURENSON and DAVID W. H. RANKIN* 
Department of Chemistry, University of Edinburgh, West plains Road, Edinburgh EH9 3JJ 
(Gt. Britain) 
(Received 8 September 1980) 
ABSTRACT 
The molecular structure of difluorophosphine selenide has been determined by a com- 
bined analysis of gas-phase electron diffraction data and dipolar couplings obtained for a 
solution in a nematic phase. Geometrical parameters (ra) are: r(P=Se) 202.6(4), r(P-F) 
155.7(3), r(P-H) 142.2(7) pm, LSePF 116.8(3), LFPF 98.1(7), LSePH 118.6(7)°. 
INTRODUCTION 
In the study of molecular structures in fluid phases it is often found that 
the technique chosen does not provide sufficient information to enable a 
complete structure to be determined. Microwave spectroscopy can give only 
a very limited number of rotational constants, and there may be absolute or 
practical restrictions on the number of isotopic substitutions that may be 
made. In the case of NMR studies of solutes in liquid crystals, the amount 
of structural information is strictly limited by the availability of spinning 
nuclei and the symmetry of the molecule, and in no case has the complete 
shape and size been determined. In electron diffraction studies of gases, even 
relatively simple structures may be only partially determined if there are 
light and heavy atoms present together. Thus it is frequently necessary for 
additional information to be used, and normally one or more parameters are 
assigned reasonable fixed values. However, it is preferable to use additional 
experimental data, and there have been successful determinations of struc- 
tures using a combination of rotational constant and electron diffraction data 
[1-3], and rotational constants have also been used to provide overall 
scaling factors in liquid-crystal NMZR studies [4]. In this paper we present 
the results of a study of PF2HSe using electron diffraction data combined 
with dipolar coupling constants. 
22-2860/81/0000-0000/$02.50 ® 1981 Elsevier Scientific Publishing Company 
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EXPERLti1ENTAL 
A sample of PF2HSe was prepared by the reaction of bromodifluorophos- 
phine with hydrogen selenide in the presence of mercury [5], and purified by 
fractional condensation in vacuo. The purity was checked spectroscopically. 
Electron diffraction 
Electron diffraction intensities were recorded photographically on Kodak 
Electron Image plates using the Cornell/Edinburgh diffraction apparatus [6,7] 
operating at 42 kV. The sample was maintained at 250 K and the nozzle at 
room temperature (293 K) during exposures. Data were collected using two 
camera distances, 128 mm (3 plates) and 287 mm (3 plates), and were con- 
verted to digital form using a Jarrell-Ash double-beam microphotometer 
[8] with spinning plates. The electron wavelength, 5.822 ± 0.003 pm, was 
determined from the diffraction pattern of gaseous benzene. 
Liquid-crystal NMR 
Initial trials to find a suitable liquid-crystal solvent were performed using 
solutions of trifluorophosphine in a variety of materials with nematic phases. 
By far the best solvents found were "Liquid Crystal El" and "Liquid 
Crystal E8" (both' B. D. H. ), which are mixtures of 4-alkyl or alkoxy-4'-cyano- 
biphenyls. These solvents were unreactive, had wide and low temperature 
ranges for their nematic phases, and also gave higher orientation parameters 
than any other solvents tried. In this work, samples were prepared contain- 
ing 0.2 mmol of PF=HSe in ca. 0.3 ml of "E8" in 5 mm tubes, and these 
solutions had a nematic phase between 235 and 325 K. 
All NIt1R experiments were carried out using a Varian Associates XL100 
spectrometer in the pulse and Fourier transform mode. Double resonance 
experiments were carried out using the instrument's built-in decoupler. Since 
the degree of orientation and hence the magnitude of the dipolar couplings 
change rapidly with temperature, it was essential to maintain temperature 
stability and also to ensure that temperatures could be reproduced exactly 
from experiment to experiment. The former was achieved by using small 
volumes of solution, 'and by allowing thermal equilibrium to be attained. 
This was considered to have occurred when two successive spectra gave the 
same line positions. Self-consistent sets of couplings were obtained by observ- 
ing one nucleus at approximately the required temperature, and in subse- 
quent experiments adjusting the temperature so that known splittings were 
reproduced exactly. 
Values of indirect coupling constants were measured in the isotropic phase 
at 333 K. In order to check any temperature variation of the indirect 
couplings, attempts were made to record spectra at 353 K, but the solute was 
thermally unstable, and only poor-quality19F spectra could be obtained. 
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However, the PF and FH couplings showed no temperature variation, and 
the couplings observed at 333 K have been used in the derivation of all 
dipolar couplings. 
The relative signs of the couplings observed in spectra of the nematic 
phase were determined by double resonance experiments, listed in Table 1. 
As J(PF) is known to be large and negative in all fluorophosphines, it was 
assumed that J? F + 2DpF was negative, and other signs were related to 
this. 
The signs of indirect couplings were taken from ref. 9. 
Refinement of electron diffraction structure 
Calculations were performed on ICL 2970 and 2980 computers, using an 
established data reduction program [7], and the complex scattering factors 
of Schäfer et al. [101. In all structural refinements it was assumed that the 
PF2HSe molecule had C, symmetry. The geometry was then defined by six 
parameters, chosen to be the P-Se, P-F and P-H bonded distances, and 
the angles SePF, FPF and SePH. `- 
Combined electron diffraction/N. 11R analysis 
For the combined structural analysis the usual least-squares refinement 
program [11] was modified so that any experimental data relating to geo- 
metrical parameters or amplitudes of vibration could be included. For each 
problem studied a specific routine must be provided, so that theoretical 
values equivalent to the experimental data may be calculated. The derivatives 
of these with respect to the refining parameters are then evaluated numerically. 
In the case of liquid-crystal NMR, the addition data are dipolar couplings, 
which may be calculated using eqn. (1): 
TABLE 1 
Double resonance experiments 
Experiment Couplings related Relative signs 
' H- { "P } FH and PF Opposite 
SeP and SeH Equal 
"F-{"P} FH and PH Equal 
SeF and SeP Equal 
FF and PF Opposite 
'"F-{ "Se } PF and SeP Equal 
FH and SeH Opposite 
FF and SeF Opposite 
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Dtj =h [SZZ(3cos2©;; = -1) + (SXx -Syy) (cost O jx -cost O, jy) 
+ 2SX1 (cos e jx cos O jJs) + 
2Sys (cos O jy cos °uz 
+ 2Sxy (cos 01jx cos Ojjy )] (1) 
where D;; is the dipolar coupling between atoms i and j, with magnetogyric 
ratios 7i and 7; and separation r; j: the angles of the i -j vector with respect 
to the molecular axes are 9;;, r , 8;;,, and O, j, and the orientation parameters 
are Su, SS., -S» , SXZ, Sy. and S. In the present case the x-axis was defined 
as parallel to the Se-P bond, and the z-axis was perpendicular to the plane 
of symmetry. Thus SX2 and S,, z are zero, and the other three orientation 
parameters were included in the list of refineable parameters. When dipolar 
couplings recorded at two temperatures were used, three more orientation 
parameters were included, and the number of additional observations was 
doubled. 
This modified refinement program may also take account of rotational 
constants [121, predicate observations (13,14], or any other structural 
data, and will refine structures based solely on these data, without any need 
for electron diffraction data. 
The weights given to the additional observations are important. For the 
electron diffraction data, an off-diagonal weight matrix is used, for which 
the elements are as follows: 
wii = (Si - Smin)/(Swl - Smin) Smin 4 Si S SW I 
wii1 SW 1's; 6sw2 
wii = (Smax -Si)/(Smax-SW2) SW2 < Si < Smax 
wij0 f*jt 1 
wij _ -0.5(wii + wJJ)(p/h)k 1=1 ±1 
where sw, and sw2 are weighting points for the distance k, and are chosen 
by inspection, and p/h is the correlation parameter [15]. The values of the 
weighting functions used, correlation parameters and scale factors, are given 
in Table 2. For the additional observations, the weight matrix is extended 
with diagonal terms only, chosen so that weights are inversely proportional 
to the squared uncertainty of the observation and are scaled to the standard 
deviation of the fit of the electron diffraction data points. 
Vibrational averaging 
As molecules at about ambient temperature are involved in vibrational 
motions with periods (10'12-10'14 s) much shorter than the NMR time scale 
(ca. 10-3 s), it is necessary to average all the quantities in eqn. (1) over vibra- 
tional motions. Provided the molecular reorientation rate in the solution is 
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TABLE 2 
Weighting functions, correlation parameters and scale factors 
Camera 0, sn,;,, sw, sw, Smar p/h Scale 
height (nm'') (nm'') (nm-1) (nm'') (nm'') factor 
(mm) 
128.2 4 64 80 240 272 0.046 0.870(16) 
287.4 2 32 50 110 136 0.483 0.874(36) 
slow compared to the vibration rate, the two motions are uncorrelated, and 
the distance determined in the experiment is simply (r;; '' )-"3, which is 
labelled rd [16]. The electron diffraction experiment gives distances r 
which are (ref' )'1. Using the relationship [17] 
(rY/h - re + 3au2/2 + (k -1)u2/2r. 
gives 
rd =r+ u2 /2rß 
(2) 
(3) 
where u is the amplitude of vibration for the atom pair and a is the anhar- 
monic constant. As the correction term is small, the differences between 
amplitudes of vibration of different isotopic species may be ignored, and r, 
may be used instead of re. In all refinements an r, structure has been 
considered. 
RESULTS AND DISCUSSION 
NAIR spectra 
Two self-consistent sets of NMR data were obtained by the method des- 
cribed above from 'H, `F and "P spectra recorded at 253 and 293 K. The 
TABLE 3 











"P-"F -1193.0(1) -1193.0(1) -1018.2(4) -1173.8(5) +87.4(3) +9.6(4) 31P-'H +720.2(1) c +2791.4(10) +2506.3(20) +1035.6(6) +893.1(11) 
"Se-"P -1029.5(1) -1207.3(10) -1157.8(6) -88.9(6) -64.2(4) 19F19F - - +1314.7(30) +781.0(7) +438.2(10) +260.3(2) 19F-'H +91.3(1) +91.3(l) +1443.7(2) +1110.0(4) +676.2(3) +509.4(2) 
"Se-1°F -97.5(1) C -262.3(4) -217.8(8) -82.4(3) -60.2(5) "Se-'H -13(1)d c -125.2(20) -86.0(15) -56.1(11) -36.5(8) 
'All couplings in Hz. Estimated standard deviations are given in parentheses. bj + 2D or 
3D. cNot studied. dTaken from ref. 9. 
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splittiiigs observed in the first-order spectra, indirect couplings measured 
from spectra of isotropic solutions and derived direct coupling constants are 
listed in Table 3. 
Refinement of structure using electron diffraction data only 
Using electron diffraction data only, it is a straightforward matter to 
refine the four geometrical parameters defining the heavy-atom structure, 
and four associated amplitudes of vibration, as there are four distinct peaks 
in the radial distribution curve (Fig. 1). Under normal circumstances, the 
parameters involving the hydrogen atom would not be refined, but on this 
occasion they were included in the final refinement, the results of which 
are listed as Refinement A in Table 4. The final R-factors were 0.10 (RG ) 
and 0.09 (RD): the least-squares correlation matrix is given in Table 5, and 
the molecular scattering intensity data are shown in Fig. 2. 
Combined structure analysis 
The liquid-crystal NMR data provided seven additional observations at 
each temperature, and three parameters were required to define the mol- 
ecular orientation at each temperature. It was soon apparent that the two 
sets of dipolar couplings gave essentially identical results, and in subsequent 
work all the couplings were considered simultaneously. Thus it is clear that 
there can be no significant change in structure with temperature over the 
range studied. The coupling constants were given weights dependent on their 
uncertainties (standard deviations of the measurements), with two exceptions. 
It proved to be impossible to obtain a value for J(SeH) in isotropic solution, 
as the compound was too unstable at 333 K for a long run, necessary to 
iý .. ý . 
<< .. . :ý . , . . .ý,, i ýJ ýý _-- 
100 200 '100 400 
r (pm) 
Fig. 1. Radial distribution curve, P(r)lr. Before Fourier inversion the data were multiplied 




Refinement A (ED only) 
Distance Amplitude 
(pm) (pm) 
Refinement B (ED + NMR) 
Distance Amplitude 
(pm) (pm) 
rl P=Se 202.3(3) 4.9(5) 202.6(4) 4.8(6) 
r2 P-F 155.8(2) 4.8(5) 155.7(3) 4.7(6} 
r3 P-H 142.3(39) 8.5(fixed) 142.2(7) 8.5(fixed) 
r4 Se """F 306.6(7) 8.3(6) 306.1(6) 8.4(7) 
r5 F"""F 234.6(8) 4.1(15) 235.2(10) 4.8(16) 
r6 Se """H 313.1(110) 12.0(fixed) 298.0(8) 12.0(fixed) 
r7 F"""H 218.3(75) 13.0(fixed) 231.2(10) 13.0(fixed) 
Angle (°) Angle (° ) 
L1 SePF 117.2(4) 116.8(3) 
L2 FPF 97.7(5) 98.1(7) 
L3 SePH 129.8(75) 118.6(7) 
Orientation 
parameter 
s1 s" (253 K) -0.0535(5) 
s2 S, - Syy (253 K) 0.2173(23) 
s3 Sxy (253 K) 0.0675(30) 
s4 S,, (293 K) -0.0318(3) 
s5 Sxx -Syy (293 K) 0.1612(17) 
s6 S,, y (293 K) 0.0581(21) 
'A11 distances are r,. Quoted errors are estimated standard deviations determined in the 
least-squares analyses, increased to allow for systematic errors. 
observe a 'Se spectrum, and the weak selenium satellites could not be 
detected in a111 spectrum which was dominated by solvent resonances. It 
was therefore necessary to use a value measured for a solution in cyclohexane 
[9], and the uncertainty in D(SeH) was arbitrarily assumed to be 2 Hz. 
Secondly, it was found consistently that calculations did not reproduce the 
PSe coupling, the errors being 40-60 Hz. This was not entirely unexpected, 
as it is well known that for heavier elements there may be a sizeable aniso- 
tropic component of the indirect coupling [17], and there is no way that 
this can be estimated. The PSe couplings were assigned an uncertainty of 
10 Hz in the refinements, which then converged to give the results listed as 
Refinement B in Table 4. The observed and calculated dipolar couplings and 
their uncertainties are listed in Table 6. The least-squares correlation matrix 
for refinement B is given in Table 7. It should be noted that the inclusion of 
the NMR data has greatly increased the correlations between geometrical 
parameters, and there are strong correlations between geometrical and 
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TABLE 5 
Least-squares correlation m atrix x 100, Refinement Aa 
rl r2 r3 Li L2 L3 u1 u2 u4 u5 h1 h2 
100 rl 
100 -40 -40 r2 
100 -49 42 r3 
100 -70 Li 
100 L2 
100 -47 -53 L3 
100 58 -43 72 u1 
100 70 u2 








40 80 1200 160 200 240 2e0 320 20 20 60 810 100 120 140 160 
s (nm ') S (nm') 
Fig. 2. Observed and final weighted difference molecular intensities for nozzle-to-plate 
distances of (a) 128 and (b) 287 mm. 
orientation parameters, but amplitudes of vibration have not become cor- 
related with other parameters. 
The improvement in the precision of the geometrical parameters involving 
hydrogen in Refinement B is most striking. It is clear that the use of liquid- 
crystal Nh1R data may, in the right circumstances, be of very great value. 
However, care must be taken, for it is possible that there may be structural 
differences between gas and solution phases, and the problem of anisotropic 
components of indirect couplings is impossible to avoid. We are currently 
investigating other compounds in an attempt to assess the extent to which 





Nuclei 293 K 
Observed Calculated Uncertainty 
253 K 
Observed Calculated Uncertainty 
"P-" F 87.4 87.3 0.3 9.6 9.8 0.4 
"P-'H 1035.6 1035.5 0.6 893.1 893.5 1.1 
"Se-"P -88.9 -151.7 10.0 -64.2 -108.1 10.0 
"F-"F 438.2 438.4 1.0 260.3 260.3 0.2 
"F-'H 676.2 676.2 0.3 509.4 509.4 0.2 
"Se-'9F -82.4 -82.4 0.3 -60.2 -60.8 0.5 
"Se-' H -56.1 -62.2 2.0 -36.5 -40.1 2.0 
"A11 couplings are in Hz. 
TABLE 7 
Least-squares correlation matrix x 100, Refinement Ba 
rl r2 r3 L1 12 L3 sl s2 s3 s4 s5 s6 kl k2 
100 rl 
100 r2 
100 58 -75 92 -66 92 -60 r3 
100 -96 74 -94 77 -97 L1 
100 -92 -59 -95 -55 L2 
100 -84 94 -86 94 L3 
100 57 -52 96 54 sl 
100 -84 55 99 -78 s2 
100 -50 -85 98 $3 
100 52 -42 s4 




'Only elements with absolute values > 50 are included. There were no strong correlations 
between amplitudes of vibration and other refining parameters. 
The geometrical parameters are in themselves unremarkable. The structure 
of the PF2 unit is very similar to those in difluorophosphine sulphide [18] 
and difluorohalophosphine sulphides [19]. The P=Se distance, 202.6(4) pm, 
is substantially shorter than those in trialkyl- or aryl-phosphine selenides, 
which typically have bond lengths between 209 and 212 pm [20-22] ; such 
shortening is commonly found when the phosphine has electronegative 
substituents. The P-H bond distance is slightly greater than that found by 
microwave spectroscopy for PF2HS (139.2(5) pm) [19], but the SePH angle 
(118.6°) is very close to the SPH angle (119.2°) in PF2HS. 
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Gas-phase Molecular Structure of Difluoro(isoselenocyanato)phosphine 
determined by Electron Diffraction 
By Stephan Cradock. Graham S. Lauranson. and David W. H. Rankin. ' Department of Chemistry, University 
of Edinburgh. West Mains Road. Edinburgh EH9 3JJ 
The molecular geometry of PF5(NCS. ) has been investigated in the gas phase by electron diffraction. Mean 
amplitudes of vibration and perpendicular amplitude-correction coefficients have been derived from previously 
published spectroscopic data, and used to determine the average (ra) structure. The principal parameters 4, r ) for 
PF, (NCS. ) are: r(P-F) 153.0(4), r(P-N) 164.9(12). r(N=C) 121.2(8), and r(C=Se)168.1(10) pm: angle P-N-C 
149.0(15). F-P-N 98.8(8). and F-P-F 97.9(14). The overall symmetry is C. with the pseudohalide group 
lying trans to the F-P-F angle bisector. 
ELECTRON-n[FnAcTzoN structure determinations have 
previously been carried out on PF1(NCO) and PF5(NCS) t 
These molecules show short P-N bond-. and wide angles 
at nitrogen characteristic of aminodifuorophosphines. s 
These features have been explained in terms of some a 
bonding between the lone pair of electrons on nitrogen 
and vacant d orbitals on phosphorus. It is therefore of 
interest to see whether the structure' of PF, (NCSe) 
follows the pattern set by the two difluorophosphine 
pseudohalides. 
In the cases of PF1(NCO) and PF, (NCS). complications 
arose because both molecules exhibit a significant shrink- 
age effect in the electron-diffraction (r. ) structure deter- 
mination due to low-frequency bending modes. Spectro- 
scopic data were used in these cases to calculate per- 
pendicular amplitude coefficients and linear shrinkage 
corrections which yielded average (r, ) structures when 
applied to the refined electron-diffraction (r. ) structure. 
The i. r. spectrum of PFs(NCSe) $ similarly exhibits a 
low-frequency bending mode, at 55 crn t, and in this case 
the necessary corrections from spectroscopic data were 
applied to the refining structure, as the computer 
programs used offer the facility to refine either r. or r. 
structures. We report here the results of our structural 
studies of PF2(NCSe) " and comment on the major 
differences between the r. and r. structures refined from 
the same data. 
EXPERIMENTAL 
A sample of PF, (NCSe) was prepared by condensing 
PBrF, onto the silver pseudohalide salts the product being 
subsequently purified in vacuo and the purity checked by is. 
spectroscopy. 
Electron-diffraction scattering intensities were recorded 
photographically using the Cornell/Edinburgh diffraction 
apparatus. " With an accelerating potential of 43 kV and 
nozzle-to-plate distances of 128 and 285 min. several sets of 
data were obtained for s in the range 34-268 nm'l. The 
sample and the nozzle were held at room temperature (293 
K). The background pressure was 4x 1V Torr t and 
during a run this increased to 2x 1O' Torr. The ion gauge 
used for the above measurements was situated in the main 
chamber but removed somewhat from the nozzle. 
1 Throughout this paper: 1 Torr se (101325/760) Pa; 1 dyn - 
10'6 N. 
Photographic intensities were converted into digital form 
using a Darrel-A. sh double-beam microphotometer' with 
spinning plates. The electron wavelength was determined 
from the scattering pattern of gaseous benzene recorded 
immediately before the sample exposures. The weighting 
points used in the setting up of the os-diagonal weight 
matrix employed in the least-squares refinement program, 
together with correlation parameters and other experimental 
details, are shown in Table 1. 
All calculations were done on the ICL 2970 computer at 
the Edinburgh Regional Computing Centre using established 
data-reduction s and least-squares refinement " programs. 
Tnsta 1 
Weighting functions, correlation parameters, and scale 
factors 
Camera 
height di s.. %: 
' 
rar, +.... Scale 
mm pilit factor 
128 4 60 80 200 268 0.014 0.919(31) 
283 2 34 50 110 140 0.366 0.863(22) 
t Correlation parameter, yes ref. e. 
The scattering factors of Schafer e1 al. ' were used through. 
out. 
Cakulabd Amplitwdas of Vibration and K Valses: These 
were obtained using our program GTRIP. based on Schacht- 
schneider's s GNAT routines for generating Inverse kinetic 
energy matrices (G) for a molecular system or for each sym. 
metryblock. A versatile routine FGRUM calculates eigen. 
values and allows an initial trial potential-energy matrix (F) 
to be modified interactively in one of three ways. (a) 
Specified F elements may be assigned new values. (b) 
Specified F elements may be included In a least-squares 
refinement based on the differences between observed and 
calculated frequencies and between observed and calculated 
isotope shifts; the required derivatives 8v/8Fy are not cal- 
culated analytically but obtained numerically by altering 
Fö to F+ .F and rediagonalising to obtain eigenvalnes I+ AL (c) The entire F matrix may be altered in such a 
manner so as to fit the observed frequencies for one isotopic 
species by the so-called ' direct-fit ' procedure; this has the 
unfortunate property of leading to a solution with the same 
L vectors as the initial trial F matrix, so we have modified 
the procedure by eliminating any off-diagonal elements in the 
new F matrix below a specified threshold. The modified F 
matrix is then used as the starting point for a new' direct. 
fit' plus elimination cycle, and the process continues until 
convergence on the observed frequencies is achieved. It is 
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usually convenient to begin with a high threshold (1.0 or 0.5 
mdyn 1-1) and to reduce it prog"essively if convergence is 
slow; in this way most of the changes are forced into the 
diagonal F elements, and only a limited number of non-zero 
off-diagonal elements remain in the final F matrix, which 
now has L vectors that may differ substantially from those 
of the original trial. 
a 
Fiouss 1 The trano-PF, (NCSe) model with linear NCSe chain. 
symmetry C. Valence co-ordinates are indicated; j is a 
linear bending in the symmetry plane. and 0 is perpendicular 
to it. The twisting coordinate, s. is generated by two tor- 
sions as 2 1(e. a. +. ) 
The L matrix corresponding to the final F matrix, chosen 
to reproduce observed frequencies and isotope shifts (where 
available). is then used to generate the mean-square 
Cartesian displacements for specified pairs of atoms. These 
are summed over all symmetry species and finally converted 
into % and K values by co-ordinate rotations appropriate to 
the atom pair. The amplitudes are calculated for 0K and 
any specified higher temperature. GTRIP also includes 
facilities for calculation of Coriolis coupling terms and 
centrifugal distortion constants for symmetric top molecules. 
Normal-co-ordinate Analysis. -The published values s for 
the fundamental vibration frequencies of PF5(NCSe) were 
used in the normal-co-ordinate analysis. Figure 1 shows 
the applied molecular model and definition of valence co- 
ordinates. The normal modes of vibration are distributed 
TAaLz 2 
Non-zero symmetry force constants (x 10-1. N m'') for 
PF9(NCSe) 
. 4' 1 5.72 
2 1.10 13.50 
3 -0.06 5.32 4 0.01 4.22 
3 0.73 
6 0.48 0.12 
7 0.12 0.68 
8 -0.03 0.18 
A" 1 4.38 
2 0.64 
3 -0.01 0.23 
4 0.01 
into the symmetry species of the C. symmetry group 
according to r- SA' + 44". The set of symmetry co- 
ordinates St-S, was'constructed. Here R. D, S. and T 
Si(A') -! Sr(.! ') : (DS)ly 
S2(A') -sS, (A') -(S7114 
S, (A') -dS, (. 4') - t'1(rt -ri 
S4(4' - 2-t(rg + ra) S1 (A") - (RD/: )i(ßß - ße) 
S, (A') '. ' Re Sii(A") a (ST)hi 
S. (A') - (RD/2)l(91 + ßs) Su(A") ^ (RS)i- 
designate the equilibrium distances of Rig - R,., R1s. R. 
and Rx respectively (see Figure l for the atom numbering). 
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A harmonic force field for PFJNCSe) was developed 
which exactly fitted the observed vibrational frequencies. 
Table 2 shows the final results in terms of the symmetry F 
matrix. Table 3 gives the potential-energy distribution 
terms calculated fron the developed force fields, ' together 
with approximate descriptions of the normal modes of 
vibration, although mixing is so pronounced in some cases 
as to make simple assignments inadequate. Table 4 shows 
the calculated mean amplitudes of vibration for the normal 
modes of PF1(NCSe) at 0 and 298 K. together with calcul- 
ated K values at 298 K as used in the following r, structure 
determination. 
Refinement. Molecular model. The molecule was 
assumed to have local C, symmetry for the PF,, ' group with 
the geometry being defined by the P-F, P-N, X =C. and 
C--Se distances, the angles F-P-F, F-P-N, P-N=C, and 
TABLE 3 
Frequency assignment, potential-energy distribution, and 
approximate description of normal modes for 
PF5(NCSe) 
Frequency/ Potential-energy Approximate 
Species cä º distribution " description 
A' 1 972 90s N=C str. 
920 239 + 29d + 42r C=Se str. 
Bbl 260 + 72d + 49, P-F sym str. 
589 22! +41d+490 P-Nstr. 
429 8049 NCSe bend 
398 2ly + 884 PF5bend 
282 15s + 20d + 490 PF1def. 
77 74d + 156y + 214 PNC bend 
d" 851 95v P-F asym str. 
490 39ß + 328 NCSe bend 
347 54ß + 418 PF1 def. 
54 911 torsion 
" For explanation of symbols see Figure 1 in ref. 1. 
NC--Se, and a torsion angle. The last was defined as 
zero when the F-P-F angle bisector was truss to the N=C 
bond. 
Initial refinements of the r. structure indicated that the 
N=C--Se angle could lie anywhere between 170 and 1800, and 
that it was strongly correlated with the P-N C angle, which 
lay between 139 and 145°. This showed that there could be 
a large shrinkage arising from bending at nitrogen and 
carbon. The predominance of the P"""S. peak in the 
radial-distribution curve (Figure 2) would ensure that this 
effect was pronounced. Therefore it was decided to con- 
centrate on refinements of the r, structure. This would also 
take account of the effects of the torsional vibration on any 
apparent distortion from C. symmetry. 
Average structure parameters (r, ) are related to those 
measured in the electron-diffraction experiment (re) by the 
expression (1) where x is the root-mean-square amplitude of 
rs - r. -I- (u'/rj -K (1) 
vibration and K is the perpendicular amplitude-correction 
coefficient. Thus. using r. instead of r. in the second term. 
and calculated values for u and K. we have been able to 
refine the r, structure directly. 
The final º, parameters found for PF5(NCSe), together with 
ºr values for all distances, are shown in Table 5. The P-N C 
angle has widened from the r° value (144°) to 149°. In the 
º, structure the twist angle refined to zero and the sym- 
metry now became exactly C. with the N=C--Se chain exactly 
linear, and so only seven parameters were subsequently used 
to define the molecular geometry. 
1981 
TAau 4 
Calculated amplitudes of vibration and K values at 0 and 
298 K 
i4pm Klpm 
0K 296 0^ 
K : 98 
Distance 
P-F 4.10 4.18 0.37 1.78 
P-N 4.59 4.39 0.45 2.31 
N=C 3.67 3.69 0.64 1.18 
C. Ss 3.83 3.98 0.46 2.06 
F"""F 6.03 6.77 0.37 2.36 
F"""N 6.15 7.42 0.61 3.72 
F" ""C 7.07 11.98 0.28 1.39 
F".. Se 7.79 17.30 0.02 0.04 
P"""C 5.14 6.80 0.20 0.62 
p ... Se 5.50 10.73 0.03 0.14 
N"""S. 3.91 4.13 0.38 2.36 
In the final stages of the refinement, all independent geo- 
metrical parameters and amplitudes of vibration, with the 
exceptions of x(P-N) (-1.2 s(C-Se)] and w(F """ F) 
[-1.0 %(F ... N)]. were free to refine. 
Table 5 shows the final parameter set (r, ) for the PF, - 
(NCSe) : the least-squares correlation matrix is given in 
Table 6, and the observed and difference molecular scatter- 
ing curves are shown in Figure 3. 
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PIGURI 3 Observed and difference radial-distribution curves, 
P(r) Jr. for PF, (NCSe). Before Fourier inversion the data were 
multiplied by s(exp((-0.000 o= s')I(Z,. -fs. )(Zº -lr)J} 
DISCUSSION 
In most structure determinations carried out on 
compounds containing the PFN group aa10 the P-F 
and P-N distances are so close that refinement of all four 
parameters associated with these bonded distances is 
impossible, and u(P-F) and u(P-N) are usually con- 
strained to refine together. In the case of PFs(NCSe). 
Molecular parameters for PF1(NCSe) " 
Independent distances (pm) Angles (*) 
ra(P-F) 163.0(4) F-P-F 97.9(14) 
r(P-N) . 
164.9(12) F-P-N 98.8 8) 





(a) Independent distances. rjpm 
r(P-F) 164.7(4) 4.7(11) 4.2 
r(P-N) 167.0(12) 3.6(17) 6.4 
r(C=N) 122.0(8) 6.9(12) 3.7 
r(C=Se) 170.0(10) 3.0 (tied to u! ) 4.0 
(b) Dependent distances (pm) 
d(Se ... N) 291.3(9) 6.7(17) 4.2 
d(S. ... P) 438.7(8) 12.8(8) 10.7 
d(Se... F) 613.6(14) 21.4(13) 17.3 
d(C "". P) 276.4(11) 6.6(23) " 6.8 
d(C . "" F) 363.2(13) 17.3(23) 12.0 
d(N """ F) 246.0(11) 7.2(21) 7.4 
d(F """ F) 233.2(11) 7.2 (tied to w10) 6.8 
" Estimated standard deviations derived from the least. 
squares analysis. increased to allow far systematic errors. are 
given in parentheses. 
r(P-F) and r(P-N) are comparatively well resolved. 
whereas r(C=Se) overlaps with r(P-N) and the two am- 
plitudes associated with these distances were refined as a 
single parameter. The relation between r(P-N) and 
r(C--Se) is clearly shown in the least-squares correlation 
matrix (Table 6). The correlation would have been more 
severe but for the fact that the sum of r(C=N) and 
Ftavns 2 Observed and final weighted difference molecular 
scattering intensities for nozzle-to-plate distances of (a) 129 and 
(b) 296 mm 
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F% re .,,. 
100 100 33 -74 
100 
100 
J. C. S. Dalton 
TABLE 6 
Least-squares correlation matrix. multiplied by 100 
Angle 



































Comparison of geometric parameters of two-co-ordinate nitrogen compounds 
PF1(NCO) " PF1(NCS) " PF1(NCSc) C(NPF, )s" SiH, (NCSe) 
r. (P-N)Ipm 168.3(6) 168.6(6) 187.0(12) 168.0(6) 
r. (P-F)IPm 158.3(3) 158.6(3) 154.7(4) 158.2(2) 
r. (N=C)1pm 125.8(6) 122.1(6) 122.0(8) 124.0(5) 118.1(8) 
r. (C=Se)1Pm 170.0(10) 178.9(7) 
Angle MNC(r r 134.8(8) 144.0(7) 149.0(15) 180.0 
Angle MNC(rýl" 130.6(8) 140.5(7) 143.9(13)4 132.8(5) 188.9(6) 
" Ref. 1. " Ref. 12. " A. Fraser. G. S. Laurenson, and D. W. H. Rankin, unpublished work. 'Unser Nie awumed. 
r(C=Se) is well defined by the N ... Se distance in the 
linear pseudohalide moiety. Thus r(C=Se) is equal to 
d(Se ... N) - r(C=N). 
The angle found at nitrogen [149.0(15)1 is the widest 
yet reported for two-co-ordinate nitrogen bound to 
phosphorus, u but this value is not unexpected when 
compared to those for PF, (NCO), PF1(NCS), and 
C(NPF, )= u In fact, all rr structural parameters and r. 
distances yield values consistent with those found for the 
two comparable pseudohalides. Parameters for 
PF=(NCSe). PF=(NCS). PF=(NCO), and C(NPF1)=, 
together with those for SiH3(NCSe), are compared in 
Table 7. Most amplitudes of vibration are found to be 
within experimental error of those calculated in the 
normal-co-ordinate analysis, despite the fact that this 
was undertaken prior to the gas-phase structure investig- 
ation and utilised slightly different parameters. 
The final Ro and Ru factors I were 0.10 and 0.08 
respectively. These are somewhat higher than usual for 
structures of small molecules undertaken at Edinburgh. 
This can be attributed to the rapid decay with increasing 
angle in the short-distance intensity data arising from 
destructive interference caused by the superposition of 
scattering from many differing interatomic distances of 
comparable scattering power, a feature illustrated by the 
form of the radial-distribution curve (Figure 3). 
However. the R factors compare well with those ob- 
tained in the analyses of PF, (NCO) and PF2(NCS). 
We thank the S. R. C. for a Research Studentship (to 
G. S. L). 
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The Molecular Structures of Difluorophosphino(disilyi)amine and Bis- 
(difluorophosphino)silylamine In the Gas Phase, determined by Electron 
Diffraction 
By Graham S. Laurnnaon and David W. H. Rankin. " Department of Chemistry. Univwnity of Edinburgh, West 
Mains Road. Edinburgh EH9 3JJ 
The molecular structures of difluorophosphino(disiiyl)amine and bis(difiuorophosphino)siiyiamine In the gas 
phase have been determined by electron diffraction. Both molecules have planar co-ordination at nitrogen, and 
Si-N bonds that are substantially longer than those in other silylamines. Principal bonds and angles (i. ) for 
N(PF, )(SiH, ), are r(P-F) 158.5(3), i(P-N) 168.0(4), i(SI-N) 175.5(4) pm: FPF 96.9(10). FPN 99.4(7), and 
SiNSi 119.3(17)". For N(PF1)1(SiH, ) principal parameters are r(P-F) 157.0(2). i(P-N) 169.1(4). r(Si-N) 
176.7(7) pm; FPF 96.1(5). FPN 99.3(3). and PNP 117.6(7)'. In each compound the conformation adopted by 
the difiuorophosphino-groups is such that the axes of the nitrogen and phosphorus [one-pair orbitals are approxim- 
ately orthogonal. 
TuE molecular geometries of silicon- and phosphorus- 
substituted amines have been extensively studied. 
Trisiiylamine 1-2 is the most widely known inorganic 
compound with planar co-ordination at nitrogen, and 
the wide SiNSi angle in disilylamine $ suggests that the 
three bonds to nitrogen are coplanar. Similarly, the 
tertiary difuorophosphinoamine. N(PF, )i, has a planar 
NPs skeleton. 4 and the secondary amine has a wide PNP 
angle. '. ' The planarity of the nitrogen in the primary 
amine. NH=(PF, ). is not so definitely established: a 
microwave study t suggests that the PNH, group is 
planar, whereas limited information from an electron- 
diffraction study favours a non-planar arrangement .@ This apparent anomaly may arise from a low-frequency 
out-of-phase deformation, which would give a large 
shrinkage effect, ' and similar low-frequency modes may 
account for the apparent non-planarity of the NC2Si 
and NC, P skeletons of NMes(PF=) I and NMes(SiHJ10 
However, of the three amines containing both sily1 
and difluorophosphino-substituents, only one, NH- 
(PF=)(SiHs), has been the subject of a structural studyu 
It was therefore important to study the other two, 
EXPERIMENTAL 
Samples of difluorophosphino(disilyl)amine and bis- 
(difluorophosphino)silylamine were prepared by literature 
methods u and purified by fractional condensation in vacuo : 
purities were checked spectroscopically. 
Electron-diffraction scattering intensities were recorded 
using the Cornell-Edinburgh diffraction apparatus'" with 
nozzle-to-plate distances, of 128 and 283 mm, and an 
accelerating voltage of ca. 43 kV. During exposure 
samples were maintained at 230 K, and the nozzle at room 
temperature, 293 K. Data were tecorded on Kodak 
Electron Image plates, and obtained in digital form using a 
Jarrell-Ash double-beam microphotometer, with spinning 
plates. " The electron wavelengths were determined from 
the scattering patterns of gaseous benzene, recorded 
immediately before or after the sample plates. 
All calculations were carried out on an ICL 2970 com- 
puter at the Edinburgh Regional Computing Centre, using 
established data reduction' and least-squares refinement 
programs. " Weighting points used in setting up the 
off-diagonal weight matrices are given. together with other 
experimental data, in Table 1. In all calculations the 
complex scattering factors of Schiºfer to alit were used. 
Refinom* t. -Dißwo"phosphino(disilyl)emixe. In refine- 
Twau I 
Weighting functions. correlation parameters, and wale factors 
Camera wavelength1 Scab 
Cuuipouud height/mm pm As/am' s. Jnm'i ml/am-1 solnm"4 s..., /nm + P/h factor 
N(PFJ(SiHjg 128.5 5.799 4 60 80 230 260 0.146 0.806(14) 
284.3 5.799 2 26 40 120 144 0.469 0.727(13) 
N(PFJ, (SiHJ 128.4 5.834 4 64 80 240 316 0.348 0.960(18) 
284.6 3.864 2 26 30 120 142 0.446 0.900(13) 
N(PF2)=(SiHs) and N(PF=)(SiHS)=, as these would be 
expected to have planar arrangements of the bonds to 
nitrogen. It was also of interest to see whether there 
was any evidence of competition between phosphorus 
and silicon for the nitrogen lone pair of electrons, leading 
to a shortening of one type of bond to nitrogen at the 
expense of the other type. Finally. the conformations 
adopted by the difluorophosphino-groups were of in- 
terest, as predictions about these had been made on the 
basis of n. m. r. coupling constants. U 
ments of the structure of N(PF1)(SiH, )$ it was assumed that 
the N(PF1) group had local C. symmetry, and that the two 
N(SiH, ) groups had local Cm symmetry. The N(SiH, ), 
group was assumed to have Cs symmetry, with the two SiH, 
groups twisted away from the conformation in which one 
Si-H bond of each group was grates to the further N-Si bond. 
The PNSi, group was initially assumed to be planar, with 
Co. symmetry, but distortions of the P-N bond, both in the 
plane and perpendicular to it, were subsequently per- 
mitted: in the final refinements the distortion in the plane 
was the only one allowed. Finally, the PF1 group was 
426 
allowed to twist. about the P-N bond, with zero twist angle 
defined for the conformation in which the FPF angle bi- 
sector lay in the NSi5 plane. 
With these assumptions. the structure was defined by 11 
J. C. S. Dalton 
The conformation adopted by the -Pr group was found 
by fixing the twist angle at various values, and comparing 
the R factors obtained. By coincidence, the radial distribu- 
tion curves for twist angles of 10 and 80° are extremely 
Teats 2 
Least-squares correlation matrix (x 100) for N(PF1)(SiHj" " 
Angle 
Fi ra ro 124b7 r3 x+ us rit U14 s ki ht 
100 42 56 
100 69 
100 
loo -45 -4O 100 

















0 Only element, with absolute values 40 are included. 
geometrical parameters. Although there were strong cor- 
relations between parameters (Table 2) caused by overlap 
of peaks in the radial distribution curve (Figure 1). it was 
soon clear that the PNSi, skeleton was plinar. and that the 
three angles at nitrogen were equal, within experimental 
error. Most of the other heavy-atom parameters refined 
Z 
rgpm 
FjGuax 1 Observed and difference radial distribution curves. 
P(r)h. for N(PF)(SiH. ),. Before Fourier inversion the data 
were multiplied by s. exp[-0.000 016 z$/(Z, -f, (Zr-Jr)] 
easily. but the three bonded distances P-F. P-N. and Si-N 
were strongly correlated. and occasionally the relative 
positions of the P-F and P-N distances would reset e. On 
the basis of known bond lengths in other difluorophosphino- 
amines .1 *Lir the ratio r(P"N) : r(P-F) was assumed to be 
1.060 f 0.002: 1. and this 'predicate observation' U was 
used as an additional experimental datum in subsequent 
refinements. Similarly, the ratio F-P-N: F-P-F was taken 
to be 1.035 f 0.015: 1. and this mild constraint was suf- 















similar but the 100 form gives a significantly lower R factor, 
and other parameters refine to more reasonable values with 
the larger twist angle. The silyl twist angle was also found 
by a similar process, but other parameters associated with 
TABLI 3 
Molecular parameters for N(PF1)(SiHi)1 " 
Distance/pm Amplitude/pm 
(s) Independent distances 
ºi (P-F) 158.5(3) 4.7 (fixed) 
º. (P-N) 168.0(4) 5.3(5) 
º' (Si-N) 175.5(4) 5.3 (tied to s) 
º4 (Si-H) 149.0 (fixed) 8.8 (fixed) 
(b) Dependent distances 
ds (F ... N) 249.1(12) 10.8(11) 
dq, (F ... Si) 407.3(13) 11.3(12) 
d, (F ... Si) 386.4(21) 11.3 (tied to M, ) 
ds (F """ Si) 296.7(22) 11.3 (tied to us) 
d, (F ... Si) 324.0(19) 11.3 (tied to we) 
die (F ... F) 237.3(18) 10.8 (tied to x/) 
4 (Si ... Si) 304.0(25) 10.1(6) 
dig (Si ... F) 296.7(13) 10.1 (tied to wit) 
die (Si ... P) 298.1(23) 10.1 (tied to i. ) 
dtv (F ... H) 255.5-514.7 11.1(39) 
dew (P """ H) 309.9-402.2 11.9(39) 
dý (N ... H) 266.2(15) 12.0 (fixed) 
d, r» (Si ... H) 539.5-428.4 11.9 (tied to rw) du (H ... H) 242.5 (fixed) 12.0 (fixed) 
d,, _, (H ... 
H) 296.7-630.8 20.0 (fixed) 
(c) Independent anglen/° 
Angle 1 (F-P-F) 96.9(10) 
Angle 2 (F-P-N) 99.4(7) 
Angle 3 (N-Si-H) 110 (fixed) 
Angle 4 (Si-N-Si) 120.0(15) 
Angle b (P-N In plane del. ) 0.5(9) 
Angle 0 (SiH, twist) 8 (fixed) 
Angle 7 (PFj twist) 14.0 (12) 
" All distances are r. 
hydrogen-atom positions could not be refined, and were 
fixed at reasonable values. 
The results of the final refinement, for which RG was 0.08 
and RD was 0.06. are given in Table 3. Errors quoted are 
1981 
estimated standard deviations obtained in the least-squares 
analysis. increased to allow for systematic errors. The 
observed and final weighted difference molecular scattering 
intensities are shown in Figure 2. The structure of the 








Ficvas 2 Observed and final weighted difference molecular 
scattering intensities for N(PFJ(SiH, )1 at nozzle-to-plate 
distances of (s) 128 and (b) 284 um 
Bis(di)luo ophosphino)silyAsews . -In the molecular 
model used for the refinements of this structure. It was 
assumed that the two N(PF, ) groups were identical, and 
had C, symmetry, that the N(SiH, ) group had C local, 
(e) 
Ftaou 3 Molecular structures of (a) N(PF, )(SiH)s and 
(b) N(PFJ. (SiH 
symmetry. and that the P, NSi skeleton had C, symmetry. 
It was soon apparent that the bonds to nitrogen were co- 
planar. and in the later refinements this was assumed, with 
a single angle (PNP) describing the co-ordination at nitrogen. 
t/nm"t 
Peons 4 Observed and final weighted difference molecelar 
scattering intensities for N(PF, ), (SiHj at no: sle-to-plate 
distances of (a) 128 and (b) 285 em 
The conformation was described by three angles. The 
SiH5 twist angle was taken to be zero when one SrH bond 
lay in the skeletal plane. The two PF, twist angles wem 
defined to be zero when the FPF angle bisectors lay cis 
I. 
r/pm 
FtcaRz 5 Observed and difference radial distribution curves. 
P(r)jr, for N(PFJ, (SiH8). Before Fourier inversion the data 
were multiplied by s. ezp[-0.000 013 s1 J(Zr-j j (Z, -f, )3 
Awi lzu zm zm 3m 
428 J. C. S. Dalton 
to the N-Si bond. These two angles could be constrained correlation matrix is given in Table S. The intensity data 
to be equal. or equal and opposite, giving C. or C, symmetry are shown in Figure 4. and the radial distribution curve in 
to the N(PFJ Si unit. or they could be varied independently. Figure 5. The molecular structure is shown in Figure 3(5). 
? sate 4 
Molecular parameters for N(PF1)s(SiH, ) " 
Distance/pm Amplitude/pm 
(a) Independent distances 
P 157.0(2) 4.7(3) 
ºs ( N 169.1(4) " 5.2 (tied to r, ) 
ºs (Si-N) 176.7(7) 5.2 (tied to wt) 
º, (Si-H) 143.8(30) 8.8 (fixed) 
(b) Dependent distances 
do (N ... F) 248.7(5) 8.1(8) 
do (F """ F) 233.5(8) 8.1 (tied to rs) 
d, (F .". F) 496.5(8) 21.2(25) 
d, (F .". F) 431.2(7) 21.2 (tied to r, ) 
d, (F """ F) 445.2(7) 21.2( tied to x, ) 
di, ;F""" Si) 316.2(31) 25.6(25) 
d11 (F """ Si) 309.6(30) 23.6 (tied to Mla 
d,, (P """ Si) 301.2(6) 11.5('. ) 
d; s (P ... F) 386.5(24) 14.0(7) P- "" F) 391.8(21) 14.0 (tied to wss) 
d, (P """ P) 289.3(11) 11.5 (tied to V) 
dl (F " .. H) 260.5--455.8 22 (fixed) 
d, (ä " .. H) 237.3(50) 18 (fixed) 
of (P" "" H) 328.6-419.0 18 (fixed) 
d,, (N """ H) 264.7(21) 15 (fixed) 
(c) Independent angles/' 
Angle 1 (F-P-F) 96.1(5) 
Angle 2 (F-P-N) 99.3(3) 
Angle 3 (P-N-P) 117.6(7) 
Angle 4 (N-Si-H) 110 (fixcd) 
Angle d (PF twist) U -3.3(27) Angle 6 (S 5 twist) 50 (fixed) 
" All distances are r .. 
Of the 11 geometrical parameters, only the NSiH and the 
SiH, twist angles could not be refined. The latter was 
fixed at 50°, the value giving the lowest R factor in a series 
TASCz 5 
Least-squares correlation matrix (x 100) for N(I'F11), (SiHJ " 
Angle 
to ºI ºs º4 1235 vi us ar Nis " Un eis k, k, 
100 51 40 
100 -43 -57 
100 
100 
46 40 46 
-40 -47 
DISCUSSION 
The gas-phase structures of N(PF2) (Sills)= and N(PF3)i- 
(SiHs) in both cases reveal an entirely planar arrange- 
ment of ligands around nitrogen. The absence of any 
apparent shrinkage due to out-of-plane deformations of 
the NR, group may be attributed to the fact that the 
atoms bound to nitrogen in all cases contact each other 
at distances approximating to the sums of their Bartell 
hard-sphere radii 1' precluding closer approach. 
The angles at nitrogen are 120° within experimental 
error in the case of N(PF3)(SiH, ),. A slight narrowing 
of the PNP angle in N(PF3)s(SiHs) from 120° [118.2(10)°] 
may be due to the absence of steric crowding between 
neighbouring PF1 groups, since the fluorines tend to 
point away from each other in the preferred conform- 
ation. 
In both molecules r(Si-H) was fixed at a reasonable 
value and r(P-F) refined to a value consistent with those 
expected for the F=PN moiety, as shown in Table 6. 
Since some it character can be assigned to the R-N bonds, 
which are in all cases shorter than those expected for a 
corresponding single bond, some interest lay in in- 
vestigating the effect of PF, and silyl groups competing 
fur the lone pair on nitrogen. It was found that while 
the P-N bond lengths for the mono and bis PFD species, 
being 168.0(4) pm and 169.1(4) pm respectively, were 
substantially shorter than those found in N(PF3)3 
[171.1(4) pm] .4 the Si-N bond 
lengths in both cases were 
some 2-3 pm longer than that measured in trisilylamine 
(Table 6). This clearly demonstrates that the PF, group 
100 Bö 
100 -33 -43 
1aß 63 









0 only elements with absolute values X40 are included. 
of test refinements. The Pr, twist angles were varied over 
a wide range, but the lowest R factors were obtained when 
both angles were close to zero; a small C, distortion wäs 
preferred to a C, distortion. 
The results of the final refinement, for which Rn was 0.06 












has a greater propensity for accepting electron density 
from the p orbital on nitrogen than the silyl group, and 
this is almost certainly due to the electron-withdrawing 
effect of the fluorines bonded to phosphorus. It has 
been shown that replacing hydrogens with fluorines on 
silyl groups bound to nitrogen shortens the Si-N bond, 
1981 
from 171.5 pm in NMe, (SiH, ) u to 165 pm in NMe2- 
(SiFs) "0 We hope soon to undertake a gas-phase study 
of the molecular NH(PMe. Js which may therefore be 
expected to have P-N bonds substantially longer than 
those found for NH(PF1)2. 
The angles at phosphorus require no special comment: 
429 
analysis of the last molecule. In N(PF2)(SiH3)s the FPF 
bisector was found to lie 14° away from the skeletal 
plane, corresponding to a substantially larger torsional 
vibration than that found for N(PFFs(SiH. J. 
In both molecules studied here, attractive H"""F 
interactions almost certainly play the major part in 
Tests 6 
Geometric parameters for some difinorophosphino- and silyl-amines 
DistancesJpm Angles/* 
Compound r(P-F) r(P-N) r(Si-N) FPF FPN 
N(PFjS4 157.4(2) 171.1(4) 96.9(3) 99.2(3) 
N(PFJ, (SiHJ " 137.0(2) 169.1(4) 176.7(7) 96.1(5) 99.3(3) 
N(PF, j (SiHý), ' 158.7(3) 168.0(4) 173.3(4) 96.9(10) 99.4(7) 
N(SiHý)t" 173.4(2) 
J 138 ( ( ) ( ) 98.3 1 
NH(PF (SiH")" 137.5 3) 6 165.4 172.4(7) 1016 12 1 96.2 
NH(SiH), " 172.5(3) 
" Ref. 4. 6 This work. " Ref. 2.9 Ref. S. " Ref. 11. /See text. " Ref. 3. 
FPF and FPN in both cases give expected values for the 
F, PN group (Table 6). Typical values for these para- 
meters range from 95-97° and 98-100° respectively. 
In the case of NH(PFX(SiH3) it may be that these 
strongly correlated angles have been reversed in the 
refinements. 
The conformation of the PF, groups in PFs amines is 
generally of some interest, since they can be directed by 
two factors: lone-pair repulsions between P and P or P 
and N; and attractive interactions between F and H, 
the latter being important for all NR3 compounds 
(R - PF1, Siff , CHs, or H) containing 
PF1 groups, 
except N(PF1)1. In general fluorine-hydrogen inter- 
actions predominate over lone-pair repulsions, as is 
evident in the cases of NMe(PF=)= n and NH(PF1)1' 
where attractive H---F interactions force the phos- 
phorus lone pairs, although orthogonal to that on 
nitrogen, to lie cis to each other in the major conformer 
for each molecule. For N(PFi)1(SiHs) and N(PF1)i- 
(SiH, ) n. m. r. studies had already been used to predict 
the likely orientations of the PF1 groups. ' It has been 
suggested 2&= that some two- or three-bond couplings to 
three-co-ordinate phosphorus are sensitive to conform- 
ation, with large couplings resulting from atoms lying 
cis to the lone pair on phosphorus. In N(PF=), (SiH, ) 
both sJ(31P'H) and'J(uP"Si) are small (3.5 and 7 Hz 
respectively), indicating that the FPF bisectors lie cis 
to the silyl group. In N(PF, )(SiH, Js n. m. r. couplings 
have been explained in terms of the average of one cis and 
one bars J(PX) (X - "Si or 1H), indicating fast rotation 
of the PF1 group on the n. m. r. time scale. These predic- 
tions have been verified by the present study. 
In N(PF0)=(SiH, ) the PF1 torsions refined as a single 
parameter, with the best fit being for a conformation 
where the N(PF=),, group adopts a local C. symmetry with 
the FPF angle bisectors lying 3° away from being cis to 
the Si-N bond. This result is identical in principle to 
those found for NH(PF, ), and NMe(PF=)=, and a similar 
situation has been predicted for N(GeH, )(PF, ),. n We 
are at present undertaking a gas-phase structural 
determining the conformations of the PFD groups. 
N(PF, )(SiHIJ, contains H"""F contacts from 255.5 pm 
and N(PF, )=(SiH, ) similar contacts from 260.3 pm. The 
lower values in both cases correspond to the sum of the 
van der Waals radii for fluorine and hydrogen. and 
represent the optimum distance for maximum H"""F 
interaction. 
We thank the S. R. C. for research grants and a Research 
Studentship (to G. S. L. ). 
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Molecular Structure of Bis(difluorophosphino)germylamine In the Gas 
Phase, determined by Electron Diffraction 
By Graham S. Launnson and David W. H. Rankin. * Department of Chemistry, University of Edinburgh. West 
Mains Road. Edinburgh ENS 3JJ 
The molecular structure of N(G. H, )(PF, ), in the gas phase has been determined by electron diffraction. The 
NG. P,, skeleton is planar, and the Ge-N bond is substantially longer than those found in N(GSH, ),. Principal goo. 
metric parameters (r. ) an: r(P-F) 159.2(6), r(P-N) 169.8(3). and r(Ge-N) 188.9(13) pm; angle FPF 96.5(11), 
FPN 99.6(5), and PNP 114.0(8)'. The conformation adopted by the PF1 groups is one in which the axes of the 
nitrogen and phosphorus Iona pairs are almost orthogonal, while those of the two phosphorus atoms lie approxim- 
ately cis to each other in the skeletal plane. 
A COMPREHENSIVE study has recently been completed on 
amines containing difluorophosphino- and/or silyl groups 
bound to nitrogen. -* However, of the five amines with 
germyl groups bound to nitrogen so far reported lau 
only one, the very unstable trigermylamine. has been 
the subject of a gas-phase structure investigation. s We 
have therefore undertaken an electron-diffraction struc- 
tural study of the molecule N(GeH, )(PF, )=, the stability 
of which relative to trigermylamine appears to be 
increased by the presence of the two difluorophosphino- 
groups. 
Certain geometrical features likely to be exhibited by 
this molecule could be predicted from previously deter- 
mined structures of other amines. First, in all NRW 
compounds (R - PFs. SiH or GeH, ) so far studied the 
skeletal group was found to be planar, arguably due to 
delocalisation of the lone pair from the p orbital on 
nitrogen. and the short M-N bonds found in these 
compounds have been attributed to some increase in 
bond order due to p-o-d w bonding from the donor p 
orbital on nitrogen to vacant d orbitals on the ligands. 
Furthermore. it has recently been shown that, where 
PF1 and SiH, groups are bound to the same central 
nitrogen atom the electronegative PFs groups cause the 
bonds from nitrogen to silicon to lengthen. ' Thus we 
would expect the Ge-N bond to be substantially longer 
here than in trigermylamine. u 
Predictions of the likely conformation of the difluoro- 
phosphine groups have been made on the basis of the 
very low 'J("P1H) coupling constant (2 Hz) found in the 
initial study of this molecule. " It was suggested that 
a maximum coupling constant would be obtained 
when the lone pair on phosphorus lay cis to a germyl 
proton. Therefore it was concluded that it is the 
fluorine atoms which must lie cis to the germyl group. 
The value for'J(71P"P) of 405 Hz at room temperature 
lends further support to this theory, since the two 
phosphorus lone pairs lying cis to each other would 
generate a large coupling. A similar effect is observed 
in NMe(PF, ), u and in other bis(difluorophosphino)- 
compounds. 
The conformation suggested by the above evidence 
would be exactly analogous to that found for N(PFs)s- 
(SiHs)! and therefore seems entirely reasonable. 
EXPERIMENTAL 
A sample of bis(dißuorophosphino)germylamiae was 
prepared by the liquid-phase reaction (1) between bis- 
(difluorophosphino)amine and germyl iodide, in the presence 
of trimethylamine. 's The product was purified by repeated 
NH(PF, ), + GeH, I + NMer ---º 
N(GeH. J(PP,, + [NMe. H]I (1) 
fractional condensation on a vacuum line, and the purity 
was checked spectroscopically. 
Electron-diffraction scattering intensities were recorded 
using the Cornell/Edinburgh diffraction apparatus, '. i" with 
nozzle-to-plate distances of 128 and : 88 mm and an acceler. 
ating voltage of ca. 44 kV. During exposures, samples 
were maintained at 283 K and the nozzle at room tempera- 
ture (298 K). Data were recorded on Kodak Electron 
Image plates, and obtained in digital form using a Jarrell- 
Ash double-beam microphotometer, with spinning plates. " 
The electron wavelengths were determined from the 
scattering patterns of gaseous benzene, recorded immediately 
before or after the sample plates. 
Calculations were carried out on ICL 2970 and 2980 
computers at the Edinburgh Regional Computing Centre, 
using established data-reduction and least-squares refine- 
ment programs. " Weighting points used in setting up the 
off-diagonal weight matrices are given, together with other 
experimental data. in Table 1. In all calculations the 
complex scattering factors of Schafer at al. " were used. 
? AIu 1 
Weighting functions, correlation parameters, and scale 
factors for N(GeHJ(PF1), 
Camera Wave- 
Might length AS5 Scale 
mm pm nm'+ p/A factor 
128.18 5.811 4 88 100 240 320 0.383 0.750(35) 
288.31 5.811 2 34 44 120 140 0.442 0.724(24) 
Rsf xemeW. -In refinements of the structure of N(Cef, ). 
(PF, )1 the NGeP, skeleton was Initially assumed to be 
planar. although an out-of-plane distortion of the germyl 
group was subsequently permitted. Local C. and C 
symmetries were assumed for the NPF, and NGeH, groups 
respectively. Furthermore, the torsion angles of the two 
PF, groups, defined as zero when the FPF bisectors lay cis 
to the germyl group, were constrained so as to maintain 
either C, or C, local symmetry for the N(PF, ), moiety. The 
germyl torsion angle was defined as zero when one Go-H 
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Fiouuu I Ob. erred and Anal weighted diferaaca molecular. 
scattering intensities at noulrto-plate distances of (a) 128 and 
(b) 238 mm 
bond lay in the skeletal plane. and in all cases positive 
torsion angles corresponded to clockwise rotations about 
the M-N bonds viewed from M to N. With the adoption of 
these assumptions, the structure could be defined by 1t 
geometrical parameters. 
The conformation of the germyl group was found by 
FYGUes 2 Observed and difference radial-&stribution curves. 
P(r)h. Before Fourier invasion the data were multiplied by 
s. s: p(-0.000 016 s31(Z.. - Ja. ) (Z, -f, )] 
J. C. S. Dalton 
TABZ2 2 
Molecular parameters for N(GeH, J (PF, ), " 
Distance/pm Amplitude/pm 
(a) Independent distances 
º1(P-F) 159.2(5) 4.9(11) 
º, (P-N) 169.8(8) 3.4(28) 
to (N-Ge) 188.9(13) 6.2(15) 
rc (Ge-H) 153.6(43) 8.8 (fixed) 
(b) Dependent distances 
dj, (N ... F) 251.3(6) 7.4(15) 
d. (P """ F) 237.6(16) 7.4 (tied to u, ) 
d, (F ... F) 499.6(11) 10.2(15) 
do (F. "" F) 458.4(23) 10.2 (tied to +y) 
dj, (F ... F) 421.4(28) 10.2 (tied to w, ) 
dl, (F """ Ge) 318.8(11) 17.7(17) 
du (F ... Ge) 335.3(12) 17.7 (tied to a,, ) 
d (P ... Ge) 315.3(6) 8.4(6) 
du (P ... F) 394.8(9) 10.3(13) 
dj, (P " .. F) 381.2(12) 10.3 (tied to rte) 
A. (P """ 1') 284 7(10) 7.0(12) 
d19-w (F ... H) 296-467 22.0 (fixed) 
do (If ... H) 230(7) 18.0 (fixed) 
d, n (P """ H) 343-435 18.0 (fixed) d" (N ... H) 281(4) 13.0 (fixed) 
(c) Independent angles/' 
1 (FPP) 96.5f11) 
i 
3 NP) ( l see 0 
( Go N. out-of- 4 
( 
text) 
planst def. ) 
a r 110 (fixed) 
6 PPF.. twist) 8.2(10) 
7 (GeH twist) 28.0 (See text) 
0 All distances are i. values. 
varying the torsion angle and observing the R factors 
obtained. Of the other parameters involving hydrogen. 
NGeH was fixed at the tetrahedral angle of 110° and 
r(Ge-H) refined to a reasonable value, albeit with a large 
estimated standard deviation. All other parameters 
refined satisfactorily. and it was subsequently found that a 
somewhat lower R factor was obtained when the N(PFJ, 
fragment was constrained to C, symmetry than when it had 
Cs symmetry. 
Results of the final refinement. for which RG was 0.12 and 
RD was 0.08, are given in Table 2. Errors quoted are 
estimated standard deviations derived from the least-squares 
analysis, increased to allow for systematic errors of 0.1%. 
The observed and final weighted difference molecular. 
scattering intensity curves are shown in Figure 1. 
FiGUPs 3 Molecular structure of N(GH, )(PF. ). 
1981 
The radial-distribution curve is shown in Figure 2 and the 
molecule is depicted in Figure 3. Finally. the correlation 
matrix derived from the final least-squares analysis is 
given in Table 3. 
RESULTS AND DISCUSSION 
The NGePs skeletal group was found to be entirely 
planar with no apparent shrinkage, a result also found 
for N(PFs)r(SiHj. $ Any deviation from planarity re- 
sulted in a large increase in R factor. 
PS f, .... 
100-60-14 




This has been attributed to the electronegative PF3 
group having greater fiacceptor capability than the 
silyl group. ' Since the difference is greater in the germyl 
than the silyl case. it could be argued that the former is a 
weaker x acceptor than the latter. 
The PNP angle of 114.0(8)° is somewhat small, and 
the P ... P non-bonded contact (285 pm) is at the small 
end of a range of values found for other bis(difluoro- 
phosphino)amines (Table 4(a)]. Using the formula 
a(P"". Ge) a }[d(Ge"""Ge) +d(P""-P)]. andassum- 
Tasu 3 
Leapt-squares correlation matrix (x 100) for N(GeH, )(PF, )1 
Angle 
1236 uý 1% us we xT the U%$ id w'i 
74 as 
-69 -72 -U -79 
82 61 78 
60 
100 68 

















Only elements with absolute values equal to at greater than 60 are included. 
T* z4 










(a) rar some bi8(di6oocopbosphino)aminec NR(PFJ@ Angle 
Shortest 
R '(P -F) r(P-N) FPF FPN PNP d(P ... P) d(F. "" H) Ref. 
H 158.4(3) 168.4(8) 93.8(10) 98.3(7) 122.1(7) " 294.8(14) 250 2 
CHF 158.4(2) 168.17) 95.2(5) ( 99.8(4) 116.9(10) 295.1(11) (not given) b 
SM 157.0(2) 4) 96.1(5) 169.1 99.3(3) 117.6(7) 289.3(11) 260(4) 9 
Gail, 159.2(6) 169.8(8) 96.3(11) 99.6(5) 114. ((8) 284.7(10) 297(3) c 
PF, 167.4(2) 171.1(4) 96.9(3) 99.2(3) 120 (fixed) 296.4(6) 1 
(b) For some germyl- and cilyi-amines (M - SI at Go) . Compound r(M-N) Rel. 
N(GeH, )s 183.6(6) 12 
N(SIHjs 173.4(2) 4.6 
N(GeH, )(PF 8 188.9(13) c N(SiH, )(PPJ, 176.7(7) 9 
" An distances in pm, a! 1 angles [a degrees. " E. Hedberg. L Hedberg, and K. Hedberg. J. A+w. Cxeiw. Soa.. 1974,94,4417. " This 
rk. 
The geometrical parameters of the NPFs groups [r(P- 
N). r(P-F), angles FPN and FPF] all refined to expected 
values, commensurate with those found in other bis- 
(diflnorophosphino)aniines [Table 4(a)]. The value 
found for r(P-N) of 189.8(8) pm is close to that found in 
N(PF, ), (SiH1) [169.1(4) pm], indicating that steric 
crowding due to the bulkier germyl group is not severe. 
The Ge-N bond length in this study deserves special 
comment: compared to trigermylamine this parameter 
is over 5 pm longer. A similar difference has been 
observed for the analogous silylamines [Table 4(b)]. 
ing values for d(Ge ... Ge) uv and d(P ... P) of 316 
and 290 pm respectively. the expected value for the 
germanium-phosphorus distance would be 303 pm. The 
observed value of 315 pm suggests that the narrow PNP 
angle found is not a result of steric crowding due to the 
germyl group. By comparing the results tabulated for 
all bis(difluorophosphino)amines it can be seen that 
d(P """ P) here is similar to that found in the methyl 
case. and less than 5 pm smaller than that found for 
N(PF, )s(SiH5). In the silyl case, it may be that the 
PNP angle is marginally wider because the fluorine 
1050 
atoms are attracted to the silyl protons. whereas in 
N(CHJ(PF, )1 optimum H ... F contact would be poss- 
ible with a narrower PNP angle. In the gennyl cue the 
shortest H"""F distance is too long (297 pm) for any 
strong interaction to take place. as the optimum distance 
for this lies in the region 250-265 pm. LLL5.10 and it 
appears here that the PNP angle relaxes back to a smaller 
value. 
The conformation of the PFs groups can be deduced 
directly from the form of the radial-distribution curve. 
since only a configuration in which the FPF angle 
bisectors lay asps to each other would give rise to F ... F 
distances up to 500 pm. The apparent distortion of 
ca. 8" away from Co, symmetry for the N(PF, ), moiety 
probably represents torsional shrinkage away from the 
higher symmetry. The result is in accordance with the 
expectations discussed above. 
We thank the S. R. C. for research grants and a research 
studentship (to G. S. L). 
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The Molecular Structure of Tetraborane(10) In the Gas Phase as deter- 
mined by a Joint Analysis of Electron-diffraction and Microwave Data 
By C. John Dein and Anthony J. Downs. ' Department of Inorganic Chemistry, University of Oxford. South 
Parts Road: Oxford 0X1 3CR 
Graham S. Laurenson and David W. H. Rankin. ' Department of Chemistry. University of Edinburgh, West 
Marna Road. Edinburgh EH9 3JJ 
The structure of the gaseous tetraborene(10) molecule, B4HI has been redetermined by electron diffraction. The 
new analysis confirms not only that the structure comprises a folded diamond of boron atoms bridged by four 
hydrogen atoms, but also (1) that the 8-H-B bridges are unsymmetrical, the H, B-Hb distance being 17 pm longer 
than the HB-H, distance. and (AV) that the bridging hydrogen atoms are situated 5.6 pm above the plane defined by 
the three boron atoms of each H, 8(HB)s moiety to fall within the fold of the tetraboron framework. Other salient 
parameters an (distances correspond to r.: figures in parentheses are the estimated standard deviations of the last 
digits): r(8(1)-8(2)j 185.6(0.4). r(B(1)-B(3)1 170.5(1.2). r[B(1)-Hj 122.1(1.4). r[B(2)-H1] 119.4(0.7). 
r(3(1)-HJ 131.5(0.9). r(5(2)-HJ 148.4(0.9) pm: Hi; -B(2)-H, 1 122.7(3.5). H"-B(1)-B(3) 111.2(3.5), and 
the dihedral angle between the two planes 8(1)8(2)8(3) and B(1)B(3)B(4) 117.1(0.7)" (t - terminal, b 
bridging). 
SINCE its discovery in 1912 by Stock and Massenei 1 
tetraborane(10) has attracted much attention; indeed 
its isolation and characterization marked the beginning 
of systematic studies of the boron hydrides. To date, 
however, there has been no accurate determination of 
the structure of the gaseous molecule. The results of 
X-ray diffraction studies on single crystals at low 
temperatures and of electron-diffraction studies on the 
vapour, ' published simultaneously, have shown that the 
skeleton of the B4H, molecule consists of a folded 
diamond of boron atoms linked by four hydrogen 
bridges. The structure of the molecule in the crystalline 
state has been further refined 4-6 but. in common with 
other structure determinations using X-ray methods, the 
analysis gives unrealistic results, particularly for the 
distances between the boron and terminal hydrogen 
atoms. ' The electron-diffraction investigations failed 
to locate accurately the positions of the bridging hydrogen 
atoms which are a primary feature of the structure. 
. Many theoretical calculations i volving the B. H1 molecule have been ventured; these have been based 
mainly on the molecular dimensions deduced from the 
crystal structure, with appropriate corrections to the 
positions of the hydrogen atoms. ' 
We have reinvestigated the structure of the gaseous 
tetrabocane(10) molecule by electron diffraction. In 
this we have had two principal aims: (i) the accurate 
definition of the positions of as many atoms as possible. 
(is) the exploration of the relationship between the 
structure of the B, H1 molecule and molecules like 
MMes(B, H, ) (M - Al or Ga) s formally derived from 
tetraborane(10). During our investigations, we were 
acquainted with the results of a microwave study of the 
gaseous B, Hu molecule; s in this study the r. structure 
of the boron skeleton had been determined with fair 
precision, but the hydrogen atoms had not been located. 
We found that the results agreed well with the pars, 
meters deduced from our early calculations based on the 
electron-scattering pattern of the B4HI, molecule. we 
have made use of the rotational constants calculated 
from the microwave spectrum as additional data for our 
final refinement calculations. 
EXPERIMENTAL 
The synthesis and manipulation of tetraborane(10) were 
achieved using a conventional high-vacuum line having 
stopcocks and ground-glass joints lubricated with Apiezon 
L grease. The reaction between polyphosphoric acid 
(B. D. H. ) and tetramethylammonium octahydridotriborate 
(Strew Chemicals Inc. ) gave a yield of ca. 40% of tetra. 
borane(x0) u which could be separated from the other 
higher boranes produced by fractional distillation in vacuo. 
The purity of the resulting tetraborane(10) was checked by 
measuring the vapour pressure of the liquid at 0 °C it and 
the ir. spectrum of the vapour. is 
Electron-scattering patterns were recorded photo- 
graphically on Kodak Electron Image plates using the 
Edinburgh/Cornell gas diffraction apparatus. 1414 The 
sample was held at 209 K (corresponding to an equilibrium 
vapour pressure of ca. 10 mmHg t) In an ampoule closed by 
a greased stopcock and gained access to the nozzle of the 
diffraction apparatus via a greased glass taper joint and a 
stainless steel needle valve. Six plates were exposed at a 
nozzle-to-plate distance of 128 mm and three at a nozzle-to- 
plate distance of 283 mm. With an electron wavelength of 
ca. 3.12 pm determined from the scattering pattern given by 
benzene vapour, these distances gave a range of 28-358 
nm's in the scattering variable s. The intensity measure- 
ments were recorded digitally using a modified Jarrell-Ash 
microdensitometer: U this gave for its output ca. 800 data 
points spaced at equal intervals across the diameter of a 
plate which was rotated continuously about its centre. 
Calculations were performed on an ICL 2970 computer at 
the Edinburgh Regional Computing Centre with the aid of 
the programs for data reduction 14 and least-squares 
refinement u previously described. The complex scattering 
factors listed by Schifer s a1. " were used throughout. 
The weighting functions applied to setting up the off- 
diagonal weight matrix are given in Table 1 together with 
the appropriate scale factors, correlation parameters, and 
electron wavelengths. Each of the data sets (two corre- 
t Throughout this paper: 1 mmHg x 13.8 x 9.8 Pa. 
1981 
sponding to three plates each of the six expueed at a nozzle- 
to-plate distance of 128 mm and one corresponding to three 
plates exposed at a distance of 285 mm) was assigned an 
appropriate scale factor which was itself separately refined. 
473 
been refined un this basis by full-matrix least-squares 
analysis. We have not been in a position to apply shrinkage 
corrections in any of our refinements although the analysis 
points to some relatively large amplitudes of vibration. 
TABLE 1 
Nozzle-to-plate distances, weighting functions, correlation parameters, scale factors, and electron wavelengths 
Nozzle-to-plate Electron 
distance/ d41 s.,.. / sm1/ srr*J A -. j Correlation, Scale factor, wavelength/ 
mm nm 1 Uni' nm'' nm'' nmt pJb A" pm 
128.3 4 60 80 300 356 0.1361 1.003(30) 3.120 
128.4 4 60 80 300 356 0.3844 0.945(30) 3.134 
284.6 2 28 44 134 184 0.4871 0.913(27) 3.120 
" Figures in parentheses are the estimated standard deviations of the last digits. 
STRUCTURE ANALYSIS 
Previous studies based on the crystal structure at low 
temperature and on the electron-diffraction pattern of the 
vapour imply that the tetraborane(10) molecule conforms to 
C. symmetry. On this basis an attempt has been made to 
interpret the vibrational spectra of the species "B1H1. 
uB, Hsa isB. DIo and 11B,, Uu. ls In our analysis we have 
adopted a structural model consistent with this symmetry 
and admitted a total of ten independent geometrical 
parameters. With reference to the numbering scheme of 
Figure 1, these parameters are the two distances B(l)-B(2) 
and B(l)-B(3). an average B-H distance, the difference 0, 
between the average B-Hb and B-H1 distances, the dif- 
ference As between the middle B(l)-H1" and the apical 
B(2)-H1 distances, the difference A, between the inner 
B(l)-Hb and the outer B(2)-Hb distances, the two angles 
H1 B(2)-H%' and Ht'-B(1)-B(3). the dihedral angle a 
between the two planes B(1)B(2)B(3) and B(1)B(3)B(4). 
and an angle ß describing the orientation of the plane 
B(1)HDB(2) with respect to the plane B(1)B(2)B(3) (t - 
terminal, b- bridging). The inclusion of this last para- 
meter has enabled us to explore the departure from planarity 
of the five-membered ring B(1)HbB(2)He B(3) discernible in 
the crystal structures of tetraborane(10) 4 and the related 
compound beryllium bis(octahydridotriborate). Be(BH, )1. UU 
It was not practicable to use a model where the mutual 
orientation of the planes B(1)B(3)HbHti and B(2)HbHb' is 
defined by an independent parameter but this angle y has 
been calculated as a dependent parameter in our refinements. 
Molecular-scattering intensities have been calculated by 
established procedures is and the molecular structure has 
Unfortunately the vibrational spectra ascribed to the dif- 
ferent isotopic versions of the tetraborane(10) molecule 92 
do not lend themselves to detailed vibrational analysis: 
thus product-rule calculations reveal inconsistencies in the 
assignments which militate against any calculations designed 
l(, ) 
I 100 200 300 coo 500 600 700 
/ /om 
Fiousa 2 Observed and difference radial-distribution curves, 
P(r) versus r, for tetraborane(I0). Before Fourier inversion the 
data were multiplied by.. exp ((-0.000 015 s') l(zs-J, )(sy-fi, )] 
to elicit even a crude force field. In the absence of more 
definitive information about the vibrational properties of 
the molecule, there is little prospect of gaining a clearer 
picture of the amplitudes of vibration. We infer, however, 
that any effects of -shrinkage will be within the limits of 
error defined by the estimated standard deviations.. Such 
deviations as quoted take into account the effects of cor" 
relation between molecular parameters and have been 
augmented to allow for systematic errors in the electron 
wavelength, nozzle-to-plate distance. ifc. 
Combination of the scaled experimental data sets yields, 
after Fourier inversion, the radial-distribution curve 
P(r)/r shown in Figure 2. The three prominent peaks cor- 
respond to scattering from various groups of atom pairs: 
that at ca. 120 pm originates in all the B-H0 and B-H8 
distances, that at ca. 180 pm in the B(l)-B(2) and B(1)-B(3) 
distances, and that at ca. 270 pm in the B(2) ... B(4) and 
six non-bonded B"""H distances. The weak features at 
distances in excess of 300 pm result from long B"""H and 
H ... H distances. 
In the analysis of the electron-diffraction data, strong 
correlations were found, particularly between parameters 
defining the various B-H (bonded) distances and between 
B-B-H angles, and it became clear that the limited inform- 
ation available from the data was insufficient to define the 
structure fully. Analysis of the microwave spectrum of 
tetraborane(10) by Simmons st ei. ' gives an r, structure for 
FiGu*S I Perspective view of the tetraborane(1O) 
molecule 
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the B5 skeleton of the molecule in close agreement with our 
r, structure. However, these authors have made no 
attempt to fit the overall rotational constants and it seemed 
profitable therefore for us to use the rotational constants 
for uB1'Hls as additional data in our refinements. 
Each extra observation was given a weight inversely 
proportional to the square of the estimated uncertainty of 
the observation and scaled to the standard deviation of the 
J. C. S. Dalton 
The closeness of the fit may be gauged by the difference (i) 
between the experimental radial-distribution curve and that 
derived from the optimum refinement (Figure 2) and (ii) 
between the experimental and calculated intensities of 
molecular scattering (the results appropriate to both 
nozzle-to-plate distances being combined to yield a single 
intensity curve in Figure 3). Table 3 lists the values of the 
geometric and vibrational parameters associated with the 
TAILZ 2 
Least-squares correlation matrix (? c 100) " for the molecule tetraborane(10 
Distances Angles Vibrational amplitudes seal* facto" 
Pa Ps 
. 
Ps Ps Ps P. P, P. P, Pu w w its is of +h ht 4s As 
100 73 77 -24 47 -48 96 94 -96 " 75 13 24 70 8 -71 -79 -2 -2 8 Ps 100 67 7 18 -47 68 8E -73 69 -37 -11 48 6 -62 -68 -3 -3 7 Ps 100 -20 74 -33 98 88 -88 74 9 30 60 -14 -64 -78 28 26 23 P, 
100 -34 . 38 -26 -4 10 -8 -30 
6 -33 -26 38 24 48 46 U P, 
100 -22 63 46 -64 46 9 14 21 -33 -61 -60 0 0 -3 Ps 100 -49 -46 48 -32 3 0 -22 -48 60 34 12 12 6 P, 
100 96 -96 78 14 29 70 2 -68 -82 11 10 i6 P, 100 -97 7E -1 22 68 1 -62 -a 17 18 21 P. 100 -79 -6 -30 -64 1 66 a -13 -14 -20 P, 100 -6 5 61 -13 -63 -63 0 -1 0 Pu 100 72 40 34 21 " 13 28 27 28 100 31 24 16 -6 70 66 62 0, 100 37 -36 -61 6 6 13 1% 
100 4 21 7 7 12 w 
100 66 36 36 36 r, 100 16 16 11 w 
100 a 7! A, 
100 70 is 
100 A, 
" Numbers in bold type indicate marked correlation. 
electron-difwtion observations. As no force field was 
available, it, was not possible to correct observed rotational 
constants B, tö B nor could r. ' parameters be derived from 
the diSractica'data. However, the combined analysis was 
not being 'used to give extreme precision in the refined 
parameters but to resolve parameters that would otherwise 
be unacceptably strongly correlated. and so no vibrational 
corrections were applied. The close agreement of the 
microwave ºd and electron-diffraction re structures for the 
B, skeleton suggests that no major errors are introduced by 
this technique. The procedure provided a dramatic 
resolution of some of the problems posed by correlation of 
molecular parameters. 
In our least-squares analysis of the electron scattering 
with the additional constraints imposed by the rotational 
constants, we have been able to refine simultaneously all ten 
of the geometrical parameters used to specify the tetra- 
borane(10) molecule, as well as six amplitudes of vibration. 
The vibrational parameters relate to the atom pairs B(l)- 
B(2), B(l)-B(3), B(2) ... B(4) and three groups of distances 
each refined as a single parameter comprising (i) the bonds 
involving the bridging hydrogen atoms B(1)-Hb and B(2)- 
Hs, (ii) the bonds to the terminal hydrogen atoms B(l)-Ht 
and B(2)-H4. and (iii) six non bonded B ... H atom pairs 
with separations in the neighbourhood of 280 pm. The 
convergence of the structural refinement was relatively well 
defined and inspection of the final least-squares correlation 
matrix (given in Table 2) shows strong correlation between 
the angles a (the dihedral angle), ß [defining displacement of 
the bridging hydrogen atoms with respect to the plane 
B(l)B(2)B(3)], H- B(2)-H,, and H, -B(l)-B(3). and the 
distances B(1)-B(2). B(1)-B(3). and B-H (average). 
optimum refinement (for which Re -a 0.098 and Ro = 
0.079), together with the estimated standard deviations. 
It includes (f) the magnitudes of the rotational constants 
calculated on the basis of the UB4H1, molecule (to be com- 
pared with the corresponding parameters deduced from the 
microwave spectrum) and (it) co-ordinates of the non- 
equivalent components B(l). B(2) and the four different 
species of hydrogen atom which make up the B4Hu molecule. 
DISCUSSION 
The results of our structural analysis of the gaseous 
tetraborane(10) molecule, based on its electron-diffraction 
pattern. are not radically different from those deduced 
Ftaues 3 Experimental and final difersnou moleculac- 
icattering intensities (combined) for tetrabonne(ip) 
1981 
for the molecule in the crystalline solid at low tempera- 
ture by X-ray diffraction: 4-4 the principal innovation is 
the more realistic location of the hydrogen atoms. 
Table 4 affords a detailed' comparison of the dimensions 
of B4H10 as determined not only by different physical 
methods ai" but also on the basis of FSGO (floating 
TABLE 3 
Molecular parameters 6 for tetmborane(10) 
(a) Independent geometrical parameters 
Pt rlB(1)-B(3)jjpm 170.5(1.2) 
P, r(B(l)-B(2)j(pm 185.6(0.4) 
P, r(B-H) (average)Ipm 129.2(0.8) 





B(1)-Hºl- r(B(2)-H"1 -16.9(0.9) 
P, Dihedral angle, e/" 117.1(0.7) 
Pe Angle Hi-B(2)-H. '1' 122.7(3.5) 
P, Angle B(3)-B(1)-H, -r 111.2(3.5) 
Pie Dip angle. Al* " 3.1(0.6) 
(b) Final distances and vibrational amplitudes 
Distance/pm Amplitude/pm 
dt(B(1)-B(3)j 170.5(1.2) 7.6(0.9) 
ds(B(I)-B(2)] 185.6(0.4) 8.4(0.3) 
d, (B(l)-H. ) 131.5(0.9) 8.0(1.3) 
d, [B(2)-H51 148.4(0.9) 8.0 (tied to rs) 
d, [B(1)-H4"J 122.1(1.4) 8.1(0.6) 
d, [B(2)-H, ) 119.4(0.7) 8.1 (tied to +h) 
d, (B(2) """ B(4)] 281.3(1.0) 24.5(6.0) 
d, [B(3) ... H, ' 242.9(2.9) 11.2 (tied to we) 
d, (B(2) """ }I, '3 276.6(1.1) 11.2(1.2) 
d, jB(1) """ 
1{i 
267.6(2.4) 11.2 (tied to +ti) 
_ dss[B(4) """ He 394.0(1.3) 39.2 (fixed) 
d, (B(4) ... Ha 286.2(1.5) 49.8 (fixed) 
d,. [B(1) ... H. 7 255.7(1.7) 11.2 (tied to r. ) 
dz, (B(1) ... Hi 251.4(1.5) 11.2 (tied to r, ) 
Angle n planes B(1)B(3)H5Hi and B(2)H, H, .y 170.3(1.6) B(3)B(I)H% 115.1(1.8) 
B(1)HB(2) 82.8(0.7) 







B(1) 0.0 -85.2 0.0 B(2) 140.6 0.0 84.1 
H5 98.5 -141.0 66.9 
. I" 120.3 0.0 203.7 Hi 250.6 0.0 39.6 
H,, " 0.0 -129.3 -113.9 
(e) Rotational constants/MHz 
Observed Calculated 
Constant value a value Difference 
B. 5 592.817(21) " 5594.171 -1.334 Be 6 198.643(23) 6 200.627 - 1.984 Be 11013.388(19) 11015.213 -1.825 
" Figures in parentheses are the estimated standard devi- 
ations of the last digits. 6 The dip angle. M. re resents the 
movement of H, out of the plane B(1)B(2)B(3) a. nd around the 
axis B(1)-B(2). a positive sign indicating movement towards 
the concave side of the molecule. " The origin is at the mid- 
point of B(1)-B(3). 4 Re(. 9. 
spherical Gaussian orbital) calculations. 0 The table also 
includes the dimensions of the molecule Be(B3HJ2 
whose structure. as determined by crystallographic 
methods . 
25 is likely to be closely related to that of B1H30. 
The gaseous B4H,, molecule can be described in terms 
of a skeleton comprising a folded diamond of boron 
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atoms with a dihedral angle of 117° between the two 
planes B(1)B(2)B(3) and B(1)B(3)B(4) with bridging 
hydrogen atoms spanning the edges of the diamond. 
These hydrogen atoms do not coincide with the planes 
B(1)B(2)B(3) and B(1)B(3)B(4) but are located 5.6(5.0) 
pm above them so as to fall within the fold of the tetra. 
boron skeleton; this compares with a displacement of 
18 pm found for the B4H1e molecule in crystalline 
tetraborane(10) 
The unsymmetrical nature of the B-H-B bridges is 
also evident in that the bridging hydrogen atom forms a 
bond to the apical BH1 , group which is 17 pm longer than 
that to the middle BH group. Again this is in keeping 
not only with the molecular structure established by 
X-ray diffraction in which the two bonds differ in length 
by 18 pm, ' but also with the uB-1H coupling constants 
in the n. m. r. spectra of tetraborane(10) in the liquid 
phase. m The rather different result found by Simmons 
et al. * may arise from the fact that in determining the r. 
structure no allowance has been made for the probable 
change in B-H distances on replacement of hydrogen by 
deuterium. Such unsymmetrical B-H-B bridges appear 
to be a feature of the higher boranes as witnessed for 
example by the structures of the molecules B3H7CO. U 
B, H1o(PPhO2 23 and B1 H1, &. xm For the purposes of 
our calculations, we have assumed that the hydrogen 
atoms surrounding the apical boron atoms B(2) and B(4) 
conform locally to C.. symmetry. On this basis, the 
puckering of the two five-membered rings B(1)(µ-H)- 
B(2)(µ-H)B(3) and B(1)(µ-H)B(4)(p-H)B(3) can be inter- 
preted as relieving the potential non-bonded H, "" "H6 
contact between the two opposing BH5 fragments. The 
assumption that the B4H16 molecule as a whole belongs 
to the C. symmetry group does not require that the 
immediate environments of the B(2) and B(4) atoms 
belong to the same symmetry group and it would be pos- 
sible in principle to explore the capacity of the electron- 
diffraction pattern to accommodate departures from this 
local symmetry. In practice, however, the problems of 
correlation mentioned in the preceding section limit the 
definition of the parameters associated with the BH1 
groups which are subject as a result to comparatively 
large standard deviations. These circumstances make 
it unrealistic to seek a more precise definition of the 
apical H! B(µ-H)z fragments but we estimate that any 
changes in the parameters occasioned by relaxation of 
the local C symmetry are within the limits of the 
standard deviations quoted in Table 3. 
There is one notable difference between the dimensions 
deduced for the B4H1, molecule in the gas phase and the 
crystalline solid. This concerns the length of what is 
commonly termed the ' direct ' B-B bond between the 
atoms B(1) and B(3). The tetrahedral covalent radius 
of 88 pm assigned to boron's implies a B(1)-B(3) 
distance close to that reported for the B4H1, molecule in 
crystalline tetraborane(10). namely 175 pm. ' On the 
basis of both the microwave and electron diffraction 
measurements, the B(1)-B(3) distance in the gaseous 
molecule is about 171 pm, close to the distance between 
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TABLE 4 
.1 wuIpAriwu ut the nwlewzlar paramctcta of tetraburu1e(10) " cietermiuet 
by various metluxla with tiwae determined 
for beryllium bis(octahydridotriborate) " 
B. Hi" 
Llcutron Electron 1'SG0 17a(B, H. )s 
Parameter diffraction " X-ray " Microwave' dif raction " calculation I X-ray " 
(a) Distances/pm 
B(1)-B(3) 176 175.0 171.8(0.2) 170.5(1.2) 231 178.6(0.3) 
B(1)-B(2) 185 184.5 185.4(0.2) 185.6(0.4) 103 183.4(0.4) 
B(2) """ B(4) 288 278.6 380.6(0.1) 281.3(1.0) 243 
B(1)-H,, 143 121 142.8(2.0) 131.3(0.9) 134 106-119(2) 
B(2)-H% 1133 137 142.5(2.0) 148.4(0.9) 178 131-138(2) 
3(2)-H" 110 111 119.4(0.7) 124.130 106-110(2) 
B(1)-H. " 119 111 122.1(1.4) 127 106-114(2) 
(b) Angles between pairs of planes/' 
B(1)B(3)B(2) and B(I)B(3)B(4) 124.5 118.1 117.4(0.3) 117.1(0.7) 104.4 115.0 
B(1)B(3)H1Hb'andB(2)H, }f 154 170.3(1.6) 
B(1)B(3)B(2) and B(1)H, B(2) 170 176.9(0.8) 
(c) Displacement of H,, from the 
3(1)B(2)ß(3) pie/pm 16 5.8(5.0) 23.6 0-8 
(d) Angles/' 
HJR2 126 ( ) 2 (1.6) 122 . 
3(3 118.3 118 111.2 3.5 1 14 .3 (1.1) 115.31 
ß(3)ß(1)g5 11b. 1(1. ß) 109.31 (1. 106 6 
B(1)H, B(2) 91.3 82.8(0.7) 
. } (l. a) 9 
168(2)15 134.7 143.7(3.5) 133.7 1(1) 131.61 
ß(1)H, 11 aa. 8 108.7(3.3) 109.2) 
5 (l. a) 113 
H B(1)HaN 96.8 97.0(1.9) 
. 98.11 (1.4) 61 100 
3(1)3(2)3(3) 58.8 54.7(0.6) 73.3 
. 67.5 (0.1) 
B(2)B(1)B(3) 61.7 62.7(0.6) 33.2 61.2 (0.1) 
" Estimsted standud deviations us given in parentheses where values are available. I Ref. 3. " lief. 4. d ltet. 0. " This work. 
" fe. V. " ZCOI. 10. 
the apical and basal boron atoms in the gaseous B5H9 
molecule 27 and some related compounds" 
It may be remarked that the eclipsing of the terminal 
B-H bonds of the adjacent B-H and BH, units in the 
tetraborane(10) molecule can be relaxed by a combin- 
ation of the vibrational fundamentals v1' and vu (see 
ref. 12). It is possible therefore for the molecule to 
assume Cs rather than Co. symmetry in its equilibrium 
conformation without any marked distortion of the 
B(1)B(2)B(3)B(4) skeleton. With a more complete 
characterization of the vibrational properties of the 
B4H1e molecule, it is possible that the vibrational 
amplitudes calculated on the basis of a suitable force 
field will improve upon the analysis of the electron- 
diffraction results. Hence it may be possible to assess 
the effects of shrinkage and of the assumption. by the 
molecule of an equilibrium configuration with less than 
Cs, symmetry. There is no reason to suppose, however, 
on the evidence of the analysis reported here, that the 
molecular model we have adopted is in need of signi- 
ficant improvement. 
In conclusion, therefore, we feel that our analysis 
affords the most realistic determination of the molecular 
structure of tetraborane(10) to be achieved to date, with 
all the atoms relatively well located. 
We thank Dr. N. P. C. Simmons for his courtesy in 
showing us, prior to publication, the results of the microwave 
study of tetraborane(10). We also thank W. M. T. 
Barlow and Miss H. E. Reynolds for practical assistance 
with the electron-diffraction measurements and the S. R. C. 
for research grants and the award of research studentships 
(to C. J. D. and G. S. L). 
[011234 Rac. i el. 4A A rise. 1990] 
REFERENCES 
IA. Stock and C. Diarenes. CA. e.. Ba.. 1912.45.3639. 
" C. E. Nordman and W. N. Lipscomb. J. 4' CAnw. Soc.. 
1963.76.4116. 
" M. E. Jones. K. Hedberg, and V. Schomaker, J. An. Cham. 
Soc.. 1963,75.4116. 
4 C. E. Nordmau and W. N. Lipscomb, J. Chew. PAys.. 1953, 
2L 1866. 
" G. S. Pawley. Acts Crystailogr.. 1986.20,631. 
" D. S. Jones and W. N. Lipscomb, Acta Crystallogr.. 1970, 
AN. 196. 
* E. Switkes, I. R. Epstein. J. A. Tossell. R. M. Stevens. and 
W. N. Lipscomb. J. Am. CA. m. Soo., 1970.98,3837. 
" J. J. Borlin and D. F. Gaines, J. Am. Chum. Soc.. 1972,94, 
1367. 
" N. P. C. Simmons. A. B. Burg, and R. A. Beaudet, to be 
published. 
D. F. Gaines and R. Schaeffer. Inorg. CU m.. 1964.3,438. 
u R. W. Parry and M. K. Walter. Prop. INOrg. Rsad.. 1968, S. 
46. 
to A. Dahl and R. C. Taylor. I" Chm.. 1971.10.2508. 
i" S. H. Bauer and K. Kimura. J. Phys. Son. Jpo., 1942,17 
(Supplement B-II). 300. 
94L C. M. Huntley, G. S. Laurenson, and D. W. H. Rankin. 
J. C1*m. Soo.. Dalton Trains.. 1980,954. 
u R. L. Hilderbrandt and S. H. Bauer, J. Mot. Skied., 1969. S. 
325. 
if D. M. Bridges. G. C. Holywell. D. W. H. Rankin, and J. $1. 
Freeman. J. Orgmsomst. CIum.. 1971,38.87. 
it L Scbifer, A. C. Yates, and R. A. Bonham, J. Crow. Phys.. 
1971, U. 3065. 
Is J. C. Calabrese, D. F. Gaines. S. J. Hildebrandt, and J. H. 
Morris. J. Am. Clam. Soc., 1976,98.5489. 
i" See for example H. M. Seip. ' Molecular Structure by Diffract. 
tion Methods. ' Specialist Psriodicat Reports, The Chemical 
Society. London. 1973. vol. 1. p. 7. 
w. Bicerano and A. A. Front, TAaoc. Calm. Acts. 1974.35.91. 
$1 B. Leach. T. Onak. J Spielman. R. R. Riets. R. Schaeffer, 
and L. G. Sneddon, Ieor . Chem., 1970.9.2170. n J. D. Glore. J. W. 
Rathke, 
and R. Schaeffer. Iworl. CAsm.. 
1973.14,2175. 
" M. M. Mangion. j. R. Long. W. R. Clayton. and S. G. Shore, 
Cryst. Struct. Commse.. 1975.4,501. 
N A. Tippe and W. C. Hamilton. Iuerg. Cham., 1969,8.464. 
'e V. S. Mastryukov, 0. V. Dorofeeva, and L. V. Vilkov, J. 
Street. CA-. (Ewsi. Treed. ), 1975.16.110. 
" L. Pauling. 'The Nature of the Chemical Bond, ' 3rd edn.. Cornell University Press, Ithaca, 1960, p. 246. 
"' D. Schwoch, A. B. Burg. and R. A. Beaudet, Iworg. CArm.. 
1977,16.3219. 
"" J. D. Wieser. D. C. Moody, J. C. Huffman. R. L. Hilda, 
brandt, and R. Schaeffer, J. Am. Chum. Soo., 1975,97,1074. 
1982 597 
Group 3 Tetra hyd ro bo rates. Part 4.1 The Molecular Structure of 
Hydridogallium Bis(tetrahydro borate) in the Gas Phase as determined by 
Electron Diffraction 
By Micheal T. Barlow. C. John Dain, and Anthony J. Downs. ' Department of Inorganic Chemistry, Uni. 
versity of Oxford. South Parks Road. Oxford 0X1 30R 
Graham S. Laurenson and David W. H. Rankin. ' Department of Chemistry, University of Edinburgh. 
West Mains Road. Edinburgh EH9 3JJ 
Gaseous Ga(BH4)2H, as studied by electron diffraction, appears to consist of monomeric HGa((µ-H)23H2]3 
molecules with five-fold co-ordination of the gallium atom, a single terminal (t) Ga-H bond, and two doubly 
bridged (b) tetrahydroborste groups. The primary features of the structure involve the dimensions: r(Ga-B) 
217.2(0.5), r(Ga-H) (average) 177.4(1.7), and r(B-H) (average) 127.7(l. 4) pm: B-Ga-B 112.2(1.5)' (distances 
correspond to r.; figures in parentheses are the estimated standard deviations of the last digits). Results are given 
for refinements based on a structural model with Car symmetry imposed, but a significantly better fit to the experi" 
mental data Is achieved if this constraint is relaxed so that the Ga(µ-H)213 moieties assume an unsymmetrical form 
with r(Ga-H,. ) 176.2(1.5) and 189.1(2.5) pm and r(B-Hb) 125.0(8.1) and 145.6(3.3) pm. The five hydrogen 
atoms directly bound to the gallium atom form a slightly distorted rectangularly based pyramid. The features 
of the structure are collated with those of other hydridogallium and tetrahydroborate derivatives. 
IN our investigations of molecular species in which the 
tetrahydroborate group competes with ligands like H. 
CH3, or NH3 for co-ordination of an aluminium or gal- 
lium centre a= we have determined the structures of the 
tetrahydroborates M(BH4)Mes (M s Al or Ga)' and 
Al(BH4), fe 1 by analysing the electron-scattering 
patterns of the gaseous molecules. We now report the 
results of applying a similar analysis to the novel species 
hydridogallium bis(tetrahydroborate) whose synthesis 
and characterization have been the focus of recent 
studies %$ 
To judge by its vapour density, hydridogallium 
bis(tetrahydrobomte) vaporizes as monomeric molecules. 
The two most plausible structures involve either (1) a 
five-co-ordinate gallium atom with a single terminal 
Ga-H bond and two doubly bridged tetrahydroborate 
groups (1) or (is) a cyclic skeleton with a four-co-ordinate 
gallium atom derived from the topologically favoured 





presence in the it. spectrum of features characteristic of 
a single Ga-H and dihydrogen-bridged Ga(µ-H)1BH1 
units. '-*-? taken with the absence of the sort of spectral 
pattern normally associated with the -BH1 H-BH1 
unit' argues strongly in favour of stricture (1). There 
is then a range of possible models for the framework of 
the molecule depending upon the configuration of the 
five hydrogen atoms directly co-ordinated to the gallium 
atom. At one extreme. the unique terminal hydrogen 
atom occupies the apex and the bridging hydrogen 
atoms make up the rectangular base of a pyramid 
(corresponding to Cs, symmetry) ; at the other, the 
arrangement approximates to a trigonal bipyramid with 
the terminal hydrogen atom in an equatorial site (cor- 
responding to Cs symmetry). The partially resolved 
rotational structure of the l. r. band associated with an 
H, -GaB, deformation mode points to, but does not 
establish, principal moments of inertia which are con- 
sistent with Cs more than C,, symmetry for the gaseous 
molecule. ' The results of the electron-diffraction studies 
reported here are analysed to resolve these uncertainties 
and to determine the dimensions and amplitudes of 
vibration of the molecule. 
EXPERIMENTAL 
Gallium(xu) chloride was produced by the direct reaction 
of the elements and purified by repeated vacuum sublim. 
ation; lithium tetrahydroborate supplied by B. D. H. was 
recrystallized from diethyl ether immediately before use. 
Hydridogailium bis(tetrahydroborate) was prepared, as 
reported previously.. & by the interaction of the powdered 
solids at ca. 228 K in the absence of a solvent. the product 
being removed from the solid mixture under continuous 
pumping. Fractionation in vacuo gave samples of Ga- 
(BH, )2H which were judged to be pure on the evidence of 
the melting point (ca. 203 K), the vapour pressure at 228 K 
(ca. 10 mmHg ? ), and the i. r. spectrum of the vapour. '. ' 
Our experience is that decomposition of the liquid tends to 
set in at temperatures much above 228 K whereas the vapour 
at a pressure of ca. 10 mmHg has a half-life typically in the 
order of 10 min at room temperature with the formation of 
gallium metal, hydrogen, and diborane in accordance with 
equation (1)! In common with related compounds. 
Ga(BH, ), H --i Ga + JH, + BAH, (1) 
Ga(BHJ, H is also sensitive to attack by traces of oxygen 
or moisture and apparatus intended to contain it was 
t Throughout this paper: 1 mmHg ar 13.6 x 9.8 Ps. 
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conditioned accordingly.. ' Purified samples of the com- 
pound were stored at 77 K. 
The first attempts to measure electron-scattering patterns 
involved a Bakers KD. G: gas-diffraction apparatus but 
yielded photographic plates of relatively poor quality. 
Subsequent measurements were made using Kodak Electron 
Image plates and the Edinburgh/Cornell gas-diffraction 
apparatus. *-'* Before each series of exposures, the glass 
ampoule containing the sample was re-evacuated while the 
contents were held first at 77 and then at 178 K to remove 
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clusion receives strong support from the Ga-B distance of 
ca. 234 pm determined by electroa diffraction of the mole- 
cule Me2GaB3H, wherein the gallium atom is linked via a 
single hydrogen bridge to each of two boron atoms of the 
B3H1 fragment. ` The weaker, relatively broad features of 
the radial-distribution curve near 300 and 360 pm are 
associated mainly with scattering from the non-bonded 
atom pairs Ga ... H, and B"""B respectively. Other 
weak features can be ascribed to distal B"""H and 
H"""H non-bonded atom pairs. 
TABLE 1 
Nozzle-to-plate distances, weighting functions, correlation parameters, and scale factors 
Nozzle-to-plate is S. M. sODi 4 .. _. Correlation. Scale factor, 
distance/mm am ' ? l8 k" 
128.3 4 84 100 216 248 -0.0763 0.996(63) 
284.9 2 32 36 120 160 0.2872 0.912(42) 
" Values refer to refinement A (see Table 2). Figures in parentheses are the estimated standard deviations of the last digits. 
any hydrogen or diborane resulting from decomposition. 
With the sample held at 228 K and the nozzle close to 
296 K. the scattering pattern of the vapour was then 
measured at nozzle-to-plate distances of 128.5 and 284.9 
mm. The electron wavelength was 5.126 pm. as deter- 
mined by reference to the scattering pattern of benzene 
vapour, and the nozzle-to-plate distances corresponded in 
these circumstances to a range of 10-360 nm71 in the 
scattering variable s. The intensities of the patterns 
recorded on each of the six plates judged to be satisfactory 
were measured using a modified Jarrell-Ash microdensito- 
meter. u 
Some problems were experienced as a result of a reaction 
between the photographic emulsion and the vapour of 
Ga(BHJ, H. This reaction caused a significant deterior- 
ation of the signal-to-noise ratio, particularly at low 
scattering intensities on the plates exposed at the shorter 
nozzle-to-plate distance. It was found that the effects 
could be minimized by leaving the plates in air for 24 h 
before developing. 
Calculations were performed on an ICL 2970 computer at 
the Edinburgh Regional Computing Centre using the pro- 
grams for data reduction u and least-squares refinement"' 
described previously and with the complex scattering 
factors listed by Schifer ei a1.18 The weighting functions 
used to set up the off-diagonal weight matrix are given in 
Table I together with the correlation parameters and final 
scale factors. 
STRUCTVRE ANALYSIS 
The vibrational spectra of Ga(BHj, H in the gaseous and 
solid phases 2.11 favour the adoption of structure (1). with 
two bidentate tetrahydroborate groups. The radial- 
distribution curve. P(r)/r os. r, derived from the experi- 
mental data sets after scaling, combination, and Fourier 
transformation, is depicted in Figure 1. Of the prominent 
peaks, that at ca. 120 pm is identified with scattering from 
all the directly bonded B-H atom pairs. The broad feature 
at 150-190 pm is similarly due to all the directly bonded 
Ga-H atom pairs. Most conspicuous is the peak near 215 
pm which must be associated with the Ga-B pairs and the 
location of which leaves little doubt that the molecule 
contains d hydrogen-bridged Ga(µ-H), BH, units, as in 
structure (1), rather than the monohydrogen-bridged 
Ga(µ-H)BH, units implied by structure (2). This con- 
The electron-scattering pattern of the vapour was 
analysed first in terms of a structural model possessing 
C11symmetry with the five hydrogen atoms directly linked 
to the gallium located at the vertices of a rectangular-based 
Flamm 1 Observed radial-distribution curve, P(P)Ir against P. 
for Ga(BHJ H. Before Fourier inversion the data were 
multiplied by s+exp[(-0.000 020 s') I (za. - fe. )(+s - Is)]. 
Final difference curves are shown (a) for refinement A in. 
volving a model with C, symmetry and unsymmetrical 
Ga(µ-H), B bridges and (b) for refinement B involving a model 
with C,. symmetry and symmetrical Ga(µ-H), B bridges 
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pyramid. The calculations failed. however, to give a 
reasonable account of the measured scattering. The 
principal flaw could be traced to the peak in the experi- 
mental radial-distribution curve arising from the directly 
bound Ga-H atom pairs. The shape of this feature could 
not be reproduced by the scattering intensity derived from 
a unique Ga-H, and four equivalent Ga-Hb bonds and any 
reasonable values for the corresponding amplitudes of 
vibration. Hence we were led to modify the model to admit 
the possibility of non-equivalent Ga-Hb distances within 
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Cs, symmetry (for which Ra exceeded 0.2) was used to 
initiate refinement calculations designed to investigate the 
effects first of conceding non-equivalence of the Ga-Hp and 
B-Hb distances and then of twisting the BH4 groups about 
the Ga-B axes. A markedly better account of the experi- 
mental scattering pattern was thus achieved although the 
effects of correlation made it impossible to refine indepen- 
dently the amplitudes of vibration associated with the 
Ga-H distances. A wide range of values was tried for these 
amplitudes; the values listed as refinement A in Table 2 
TABLE 2 
Molecular parameters " for Ga(BH4)2H 
(a) Independent geometrical parameters 
Distance/pm or angle/' 
Refinement A. Refinement B. 
Parameter C, model C, model 
P, r(Ga-B) 217.2(0.5) 217.4(0.4) 
P, s(Ga-H) (average) 177.4(1.7) 174.4(1.9) 
P, r(B-H) (average) 127.7 1.4) 122.2(1.1) 
P" a, r(Ga-H4) (average) - r(Ga-Hd 26.1(1.7) 27.7(2.5) 
P4 
P" 
a, r(G*Hb - r(Ga-Hb) 





a, r( B-Ha -20.5(7.9) ) " 0 
P Angle H, -B-H Ht g B 126.05.0 " 123.0 3.0) " 
P, An le -Ia-B 112.2(1.5) 111.4(1.4) 
Pu 6. Ga(µ- IDA twist 4.1(6.0) 0" 
(b) Molecular distance.. interbond angles, and amplitudes of vibration 
Refinement A. C, model Refinement B. Co model 
Distance/put Distance/pm 
Parameter or angle/' Amplitude/pm or angle/* Amplitude/pm 
r(Ga-H. 136.5(2.4) 6.06 152.3(3.3) 9.5(1.2) 
r(Ga-Ha) 176.2(1.3) 9.5 1180 0(1 6) 6 13 GrHbI 189.1(2.5) 9.3 . . J . 
B- 120.2(3.1) 6.5 " 120.1(2.3) 8.31 Hj 
125.0(8.1) 7.1 " 124.3(3.6) 9.9(1.4) B-Hb) r( 145.6(3.3) 7.9(3.1) u11) 
r Ga B) 217.2(0.5) 7.3(0.7) i) 217.4(0.4) 6.9(0.7) 
r Go ... H") ý 292.7(2.4) 18.4(3.0) s) 292.9(2.0) 16.6(2.0) 
r B ... B) 360.6 2.5) 9.4(3.6) s, ) 339.1(2.8) 9.2(3.9) 
Angle lie-Ga-H, 76.8 4-2) - 69.7(3.3) - Re 0.159 0.190 
" Figures is parentheses are the estimated standard deviations of the last digits: the unsymaºetrieally bridging hydrogens an 
text. to the Ga-H4 amplitude. " Tied to the B-Hb amplitude xs" In the ratlo@ desi. H" id H/Tied 
to the B-Hb ,. 
'. Fixed. 0 Set 
amplitude. 
each of the Ga(&-H), BH2 moieties. To enable the bond 
order of each of the Ga-Hb-B bridges to be conserved. non- 
equivalence of the two B-He distances was also allowed. 
Another modification included the facility to permit the 
simultaneous rotation of the Ga(µ-H), BH5 units about the 
Ga-B axes. This twisting was defined by an angle 0 such 
that the condition 0-0 corresponds to a molecular con- 
formation in which the planes of the two Ga(µ-H)5B 
groupings are normal to the HGaB, skeleton whereas 8- 
4d' produces an H, Ga(Hb), polyhedron approximating to a 
trigonal bipyramid with the terminal hydrogen atom 
espying an equatorial site. Such a model conforms 
overall to C, symmetry. We have assumed moreover that 
the B-He bond lengths in each tetrahydroborate group are 
equal and that the plane containing the B(H, ), fragment 
not only bisects the HbBHb angle but is normal to the Ga- 
(Hb), B plane. 
The final model used to describe the hydridogallium 
bis(tetrahydroborate) molecule employed the ten indepen- 
dent parameters specified in Table 2(a). The optimum 
solution found for the structure constrained to preserve 
correspond to the best solution judged in terms of the R 
factor. Ro, but do not lend themselves to refinement. 
The amplitudes thus determined are admittedly rather 
smaller than might be expected by comparison with the 
metal-hydrogen distances of some related compounds 
(e. g. Al(BH ), Me 10 pm. ' A1(BH, ), 12.5 pm, u and Ga(BH, )" 
Meg 10 pm'] but are well within the range of values found 
for the Ge-H bonds of typical hydridogermanium com- 
pounds (5-13 pm). 1" A more exact evaluation of the 
amplitudes of vibration of the Ga(BH1), H molecule could 
be realised only via a detailed normal co-ordinate analysis. 
whereas it has been possible to date to offer no more than 
a partial assignment of the vibrational spectra in terms of 
the appropriate group vibrations. ' The lack of information 
about the vibrational properties of the molecule had the 
additional consequence of precluding any assessment of 
shrinkage effects. A possible explanation of the C, struc- 
ture apparently favoured by the molecule might, it is true, 
be founded on a model intrinsically retaining Cw symmetry 
while subject to a large amplitude of rocking of the BH4 
groups about their rest positions. Such a vibration would. 
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TABLE 3 
Least squares correlation matrix (x 100) * corresponding to refinement A for the molecule Ga(BH4), H 
Distances 
PIL P, P. P4 P. P. P, 
100 72 13 -23 63 53 66 100 40 -28 32 54 41 
100 -36 -27 65 22 




Angles amplitudes factors 
Ps Pu xi xii. shs Nis xi 4s 
-24 38 -67 -37 35 2 -22 -26 Pl 
-16 65 -50 -46 34 0 -23 -37 Ps 0 18 -40 4 29 0 10 23 Ps 
3 -12 38 1 -26 -1 ý6 -18 P, 
-18 60 -29 -27 25 2 -20 -40 Ps 
-16 57 -88 -2 61 3 7 27 P, 
-20 59 -87 -2 58 4 8 22 P, 100 -26 21 11 -25 -16 11 10 P, 100 -68 -12 70 4 -6 -7 Pie 100 18 -63 -3 10 -9 Us 100 19 3 85 76 wit 100 -1 18 36 %ks 100 2 0 *is 
100 65 ki 
100 As 
0 Numbers in bold type indicate marked correlation. 
however, imply a change in Ga-H bond length of at least 
20 pm in the course of its motion. Our experience of other 
molecules containing dihydrogen-bridged tetrahydroborate 
groups, e. g. M(BH4)bies (Df - Al or Ga) s and AI(BH4), Me. ' 
gives no grounds for invoking a motion of this kind or 
indeed for anticipating that the results of our calculations 
would be radically altered by due allowance for shrinkage 
effects. The estimated standard deviations (e. s. d. s) which 
we associate with the molecular parameters calculated here 
are likely to be at least comparable in magnitude with the 
effects of shrinkage; such deviations take into account not 
only the effects of correlation but also any systematic 
errors in the electron wavelength, nozzle-to-plate distance, 
etc. 
With the aid of a molecular model possessing C, sym- 
metry we have been able in our least-squares analysis of the 
molecular-scattering intensities to compass the simultaneous 
refinement of the 13 independent parameters listed under 
refinement A in Table 2 as well as the scale factors for the 
two data sets. The convergence of the structural refine- 
ment proceeded satisfactorily on the whole. As revealed 
by the final least-squares correlation matrix reproduced in 
Table 3, pronounced correlation occurs between A As, A 
and O, and between the Ga-B and average Ga-H distances; 
there are as a result relatively large e. s. d. s associated with 
the final values taken by some of the structural para- 
meters. 
The angle HrB-Ht does not yield to refinement. After 
refining the rest of the parameters to optimum values, 
therefore, we have carried out calculations to explore the 
dependence of Ro on this angle. It appears that Ro is at a 
minimum for an angle of 125', but our attempts at refine- 
ment on the basis of this value have been frustrated by very 
strong correlation between the He -B-H, angle and the 
other parameters implicating the terminal hydrogen atoms 
of the tetrahydroborate groups. In the circumstances we 
we have had little option but to assign to this angle a value 
of 125" with a probable e. s. d. on the evidence of our cal- 
culations in the order of 30. 
The success of the calculations may be judged by the 
difference (1) between the experimental radial-distribution 
curve and that simulated for the best model (Figure 1), and 
(is) between the experimental and calculated intensities of 
molecular scattering (Figure 2). A perspective view of the 
Ga(BH4), H molecule in the ultimate form consistent with 
this model is shown in Figure 3. 
After optimizing the refinement on the basis of a mole- 
cular model with C3 symmetry, we have carried out further 
calculations in which the structural parameters deduced 
FiGVxs 2 Experimental and final difference molecular- 
scattering intensities based on refinement A for Ga(BHJ1H; 
nozzle-to-plate distances (a) 128.5 and (b) 284.9 mm 
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for the skeleton of the Gi(BHJH molecule have again been 
constrained to preserve Cw symmetry. Hence we have 
sought to check whether the unsymmetrical form apparently 
assumed by the Ga(µ-H), B moieties gives the best account 
of the experimental data. The calculations reveal two 
significant features. First, the R factor. RG. increases from 
0.159 for the C, model to 0.190 for the optimum solution 
(") U) 
FIGUR2 3 (4) Perspective view of the molecule G&(BHJ, H and 
(b) geometryof the bridging Ga(µ-H)*B groupings corresponding 
to refinement A 
afforded by the C,, model (see also Figure 1). Secondly. 
there is an increase in the amplitudes of vibration of the 
directly bound Ga-H atom pairs now amenable to refine- 
meat as a single parameter. There is otherwise little 
change in the values deduced for the remaining molecular 
parameters (see refinement B in Table 2). The Ce structure 
with its unsymmetrical Ga(µ-H), B units seems therefore to 
represent the more likely equilibrium geometry for the 
Ga(BHJ, H molecule. 
DISCUSSION 
The most unusual feature about the structure of 
hydridogalliumbis(tetrahydroborate) which complies best 
with the measured electron-scattering pattern is the 
unsymmetrical nature of the dihydrogen bridges linking 
the BH4 groups to the metal centre. None of the mole- 
cular structures involving bidentate or tridentate tetra- 
hydroborate groups investigated hitherto shows any 
clear sign of non-equivalent hydrogen bridges and 
certainly nothing transcending either the effects of 
crystal packing or the limited accuracy with which such 
hydrogen atoms can be located by X-ray diffraction. 
To judge by its electron-diffraction pattern, however. 
the Ga(BH4), H molecule adopts in the optimum refine- 
ment a conformation in which each of the four-membered 
Ga(H, ), B rings possesses Ga-Hs distances of 178 and 
189 pm and B-Hs distances of 123 and 148 pm (see 
Figure 3). This dissymmetry tends towards the formul- 
ation Ga(H1)-B(H1) with a direct gallium-boron bond 
and the adoption of a semi-terminal role by the bridging 
hydrogen atoms. Some supporting evidence for the 
non-equivalence of the bridging hydrogen atoms is to 
be found in the vibrational spectra of Ga(BH4)5H which 
contain not one but two features attributable to Ga-Hb 
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stretching modes, at ca. 1 300 and at ca. 1400 cm-1.2 
whereas the corresponding modes of dimethylgalliuin 
tetrahydroborate have been assigned frequencies close to 
1400 cm'117 
In the absence of independent information about the 
vibrational properties of the molecule, there is no cause 
to attach undue weight to the relatively small spans 
ascribed by the optimum solution to the vibrational 
amplitudes of directly bonded Ga-Hb and B-Hb dis. 
tances. It is true that the values are significantly 
smaller than those associated with the molecular model 
retaining Ca. symmetry, albeit at the overall expense of 
an inferior account of the experimental results. Other 
sources of independent information must also be tapped 
before it is possible realistically to investigate any 
subtle effects on the terminal B(He), fragments evoked 
by the apparent dissymmetry of the Ga(Hb)=B units. 
At 217 pm, the Ga-B distance in Ga(BH4)=H differs 
but little from that in Ga(BH4)Mes (218 pm) 4 approxi" 
mating to the sum of the tetrahedral covalent radii of 
the gallium and boron atoms (214 pm). This lends sup- 
port to the assignment of a major role to direct metal- 
boron bonding, a feature also inferred from the 
Raman 2-17-12 and u. v. photoelectron al' spectra ex" 
hibited by these and other tetrahydroborate molecules. 
Structural characterization has been extended pre- 
viously to only a handful of compounds containing 
terminal Ga-H bonds. Nevertheless, at 158.5 pm, the 
Ga-H, bond length in Ga(BHJ, H is consistent with the 
relatively wide range of 138-173 pm spanned by cor- 
responding bond lengths in crystalline cyclic or cage-like 
complexes containing four- or five-co-ordinate gallium 
atoms linked to oxygen, nitrogen, and at least one 
terminal hydrogen atom. 90 It is also consistent with 
the appreciably narrower range of 150-158 pm spanned 
by the Ge-H bonds of typical hydridogermanium 
compounds. '$ 
The magnitude of the B-Ga-B angle (112°) might be 
taken to imply that Ga-H, is a sterically demanding 
group, perhaps with its relatively localized bonding 
electrons occupying more space in the valence shell of 
the gallium atom than the delocalized electrons asso- 
ciated with the 'electron deficient' Ga(µ-H), B units. 
With reference to the numbering scheme of Figure 3, 
however, closer inspection reveals that the angles sub- 
tended by the different Ga-H bonds are as follows: 
H(1)GaH(2) 117, H(1)GaH(3) 119, H(2)GaH(2') 128, 
and H(3)GaH(3') 121°. Hence it appears that the five 
hydrogen atoms are distributed more or less uniformly 
about the gallium atom to which they are directly linked. 
The apparent peculiarities of the structure then seem to 
stem less from the influence of the Ga-H, group than 
from the co-ordination number of the metal atom and 
the mode of ligation of the BH4 groups. Co-ordination 
numbers in excess of four are still far from common in 
gallium compounds n and it is relevant perhaps to note 
how the reaction of lithium tetrahydroborate with 
gallium(m) chloride affords not the six-fold co-ordination 
of the tris(tetrahydroborato)-derivative Ga(BH, )3 (to 
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be expected by analogy with the corresponding reaction 
between LIBH5 and aluminium(m) chloride] utt but the 
uneasy five-fold co-ordination of the bis(tetrahydro- 
borato)-derivative Ga(BHa), H. The constraints of co- 
ordination number and ligating properties may likewise 
account for the formation of the four-co-ordinate com- 
pound Ga(BH4)(Me)H in place of the expected five-co. - 
ordinate species Ga(BHJ=Jfe when LiBH, reacts with 
methylgallium dichloride. 3 
Investigations of the effect of varying the Ga(µ-H), B 
twist angle e have shown that the R factor passes 
through a minimum when e= 4" although this value is 
subject to an e. s. d. of about 6°. Such a twisting is 
barely significant, particularly as we note that it is 
described exactly by the in-phase torsional mode of the 
two BH4 groups. Nevertheless the distortion is in such 
a direction as to place the longer Ga-H. bonds along the 
axis of a trigonal bipyramid while also increasing rather 
than decreasing the interaction between the terminal 
hydrogen atoms H(4) and H(4') otherwise held apart 
by the unsymmetrical geometry of the Ga(krH), B 
groups. Within the limits of our calculations, the 
Ga(BH4), H molecule resembles Al(BHJý3fe1 in that the 
five atoms directly' co-ordinated to the metal centre 
complete what approximates to a rectangular pyramid 
rather than a trigonal bipyramid. In the circumstances, 
the demands of the tetrahydroborate group as a biden- 
tate ligand with an unusually small 'bite' may well 
regulate the geometry of the co-ordination polyhedron 
centred on the metal atom; certainly the conjunction of 
two such ligands with a monodentate ligand is expected 
to give a rectangular pyramid on the basis of calculations 
designed to minimize the total repulsion energy in the 
co-ordination sphere of the central atom. ° 
The Lr. spectrum of gaseous hydridogallium bis- 
(tetrahydroborate) includes near 730 cm : -1 an absorption 
characterized by partially resolved P. Q. and R branches 
of roughly equal intensity. ' This is believed to arise 
from the in-plane deformation mode of the H"-GaB, 
skeleton. The atomic co-ordinates in the optimum 
refinement of the electron-scattering pattern have been 
used to calculate the principal moments of inertia of the Ga(BH4)=H molecule which emerges as an asymmetric 
rotor possessing Cs symmetry. Hence it is possible to identify the contour of the band near 730 cm71 with that 
of an' AC hybrid'. " At 19.9 cm'l, the PR separation 
thus calculated is in reasonable agreement with the 
measured separation of 23 4- 1 cm-, particularly in view 
of the approximations which the calculations must entail. 
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